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. The timing, intensity and duration of the cytokine cascade and reorganized interrelations in cytokine
networks are not fully understood during acute HIV-1 infection (AHI). Using sequential plasma samples

. collected over three years post-infection in a cohort of MSM HIV-1 seroconvertors, we determined

: the early kinetics of cytokine levels during Fiebigl-1V stages using Luminex-based multiplex assays.
Cytokines were quantified and relationships between cytokines were assessed by Spearman correlation.
Compared with HIV-negative MSM, HIV-infected individuals had significantly increased multiple plasma
cytokines, including GM-CSF, IFN-a:2, IL-12p70, IP-10 and VEGF, during both acute and chronic stages
of infection. Furthermore, rapid disease progressors (RDPs) had earlier and more robust cytokine

. storms, compared with slow disease progressors (SDPs) (49.6 days vs. 74.9 days, respectively; 6.7-fold

. vs. 3.7-fold change of cytokines, respectively), suggesting the faster and stronger cytokine storm during

© AHI could promote disease progression. On the other hand, HIV-1 infection induced more interlocked
cytokines network, establishing new strong correlations and imposing a higher rigidity. There were,
respectively, 146 (44.9%) statistically significant correlations of cytokines in RDPs and 241 (74.2%)
in SDPs (p < 0.001). This study suggests thatimmunomodulatory interventions aimed at controlling
cytokine storm in AHI may be beneficial to slow eventual disease progression.

. ‘When the immune system is fighting pathogens, cytokines activate immune cells such as T cells and macrophages,
. stimulating them to produce more cytokines resulting in so-called cytokine storms or cascades'2 There is grow-
ing evidence that the immune responses initiated during acute HIV infection can play critical roles in modulating
of disease progression. Several studies investigated the cascade of cytokine production in the periphery and show
an initial rapid production of IFN-q, followed by tumor necrosis factor (TNF)-q, inducible protein (IP)-10,
and interleukin (IL)-18, IL-10 and IFN-~ production, while others have not observed these changes or have
* reported opposing findings®®. The discrepancies likely reflect the diversity and unity of dynamics during AHI
. butalso could be due in part to the variation in the timing of sample collection among studies. Some studies were
© cross-sectional, while others focused on time points relatively late in AHI*!?. The cytokine storms during AHI can
actas a double-edged sword, as they have the potential to cause significant damage to virus-specific immunity but
also inhibit infection by reducing T cell recruitment and activation''. Some studies show that type [-IFN plays a
role in slowing disease progression by inducing multiple antiviral genes and limiting initial viral replication, while
others have reported that type I-IFN signaling is linked to immune activation and viral persistence and blocking
of type I-IFN during LCMV infection enhances viral clearance!*"'*. These contradictory reports suggest that there

is a need to investigate the dynamic of cytokines in natural HIV-1 infection.
HIV-1 infection does not only increase cytokine levels, but also reorganizes cytokine networks, establishes
new strong correlations between various cytokines and thus imposes a high rigidity to the cytokine network!>!.
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RDP group (n=10) | SDP group (n=10) pvalue

Age (years) 26 (24.5-35) 26.5 (24-30.75) 0.786
Estimated infection day at seroconversion (days) 30 (25.75-34.25) 30 (17.75-42.25) 0.846
Follow-up (days) 414 (273.5-486.25) 612 (554-803.75) 0.023
Fiebig staging

I-11 0(0-30.85) 20 (2.52-55.61) 0.211

III-1V 40 (12.16-73.76) 50 (18.71-81.29)

V-VI 60 (26.24-87.84) 30 (6.67-65.25)
Subtype

AE 70 (34.75-3.33) 80 (44.39-97.48) 0.356

BC 0(0-30.85) 10 (0.25-44.5)

B 30 (6.67-65.25) 10 (0.25-44.5)

Acute symptoms 70 (34.75-93.33) 70 (34.75-93.33) 1.000

Active syphilis at seroconversion 60 (26.24-87.84) 30 (6.67-65.25) 0.178

HBYV co-infection 0 0

HCV co-infection 0 0

Initial CD4" T cell counts (cells/pL) 350 (242-526.75) 665 (591-801.75) <0.001

CD4" setpoint (cells/pL) 288.2 (147.2-351.3) 653.6 (555.7-848.0) <0.001

Peak viral load (Log copies/mL) 5.14 (4.38-5.67) 4.32(3.68-5.02) 0.046

Plasma viral load setpoint (Log copies/mL) 4.94 (4.35-5.5) 3.47 (2.77-4.54) 0.046

Table 1. Baseline characteristics of the HIV-infected participants. Data are % (95% CI) or median (IQR),
unless otherwise indicated. RDP: Rapid Disease Progressor; SDP: Slow Disease Progressor.

We speculate that the “cytokine cascade” and “new order” in this network may be one of the important factors
determining HIV-1-mediated immunodeficiency. However, the very early kinetics of cytokines during the first
weeks of infection is unknown'”~*°. To address this deficit, we took advantage of a well-established longitudinal
acute HIV-1 cohort (Beijing PRIMO cohort study) to investigate the dynamics of 26 cytokines in plasma from
pre-infection to acute and chronic phases of infection?*2!.

Results

Basic characteristics of the study participants. Twenty acute HIV-infected individuals from an MSM
cohort were recruited into this study??. Basic information about 10 rapid disease progressors (RDPs) and 10 slow
disease progressors (SDPs) is described in Table 1.

Multiple cytokine storms during acute phase of HIV-1 infection. In order to investigate the
dynamics of plasma cytokines during HIV infection, sequential longitudinal plasma samples collected from
pre-infection to over three years post-infection were analyzed. As shown in Table 2, compared with HIV-negative
MSM controls, HIV-infected individuals had significantly increased plasma cytokines between 180 days and
3 years post-infection. Increased cytokines included GM-CSE, IFN-a2, IL-12p70, IP-10 and VEGF (p < 0.001),
and much higher levels were observed in RDPs compared to those in SDPs. Interestingly, as shown in Fig. 1
(IFN-a2, IEN-~, IL-12, IL-15, IP-10 and TNF-« as a representative) and S1 (other 20 cytokines), during acute
stage of infection, plasma cytokines FGF-2, GM-CSF, IFN-a2, IFN-~, IL-18, IL-1ra, IL-2, IL-6, IL-10, IP-10,
IL-12-p70, TNF-aand VEGF had more positive changes in RDPs than those in SDP.

Considering that the dynamic changes in cytokines might be related to disease progression, we analyzed
plasma levels of each cytokine and the time to reach peak value. We found that some cytokines rapidly increased
to their highest levels, whereas others took much longer to do so (Table 3). For example, plasma IP-10, IL-8, and
MCP-1 in RDPs reached peak value at 30 days post infection, whereas IL-6, GM-CSF, and VEGF were delayed
after 60 days post infection in RDPs. More interestingly, RDPs had much earlier and stronger cytokine storms
in acute stage, compared with SDPs (49.6 days vs. 74.9 days, respectively; 6.7-fold vs. 3.7-fold change, respec-
tively). For example, a 13.7-fold increase in IFN-~ was seen in RDP at day 30 after infection, but only a 2.5-fold
increase in SDP at day 81 after infection. 19 of 26 cytokines in RDPs had an approximate time of initial elevation
to peak value between 30 and 60 days post-infection, whereas only 3 of 26 cytokines in SDPs did so. Additionally,
the hierarchy of cytokine induction differed between SDP and RDP groups. RDPs had significantly and early
increased IFN-o, TNF-o, IL-103, IL-1ra, but a delayed IL-13 and VEGF compared with SDPs. Surprisingly, IL-13
in SDP reached peak value at day 33 after infection, compared to day 105 in RDP. Considering that cytokine
storms are triggered by HIV, we further analyzed the dynamics of virus replication and its kinetic relationship
with cytokine storms. To our surprise, as shown in Fig. 2, we found the drop of viral load from peak to set-point
was followed by a decline of most of cytokines in RDPs, whereas cytokines increased in SDPs.

Second wave of plasma cytokine storms during chronic stage of HIV infection.  We next asked
whether HIV infected individuals have higher sustained levels of plasma cytokines during chronic infection
compared to HIV-negative controls. As shown in Table 2, compared with HIV-negative MSM, chronically
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0—180 days post-infection 0.5—3 years post-infection
Cytokine HIV-negative MSM (n=20) | RDP group (n=10) | SDP group (n=10) | pvalue’ | RDP group (n=10) | SDP group (n=10) | p value*
Eotaxin (x 10%) 2.4(1.5,3.5) 2.5(1.7,3.8) 2.9(1.8,4.1) 0.562 2.6(1.9,4.1) 3.1(1.8,4.7) 0.473
FGF-2 21.33(13.5,33.8) 71.3(25.5,157.5) 36.0 (14.3,76.0) 0.004 71.5(34.6,133.1) 48.8(23.0,99.8) 0.004
G-CSF 27.3(17.3,46.0) 70.8 (29.5,128.5) 42.5(21.5,73.0) 0.051 72.5(37.3,129.8) 58.5(29.0, 96.6) 0.067
GM-CSF 23.8(18.8,35.5) 79.8 (31.5,159.5) 32.5(13.5,60.5) <0.001 67.5(32.9,135.1) 44.5(18.1,78.9) <0.001
IFN-a2 8.0 (4.0, 12.0) 36.0(8.0,62.3) 7.5 (4.0, 19.0) <0.001 29.0(10.6,51.1) 13.0 (4.1,30.7) <0.001
IFN-~ 17.8 (14.0,22.3) 41.5(15.8, 83.8) 20.0 (11.5, 36.0) 0.024 40.5(17.5, 85.1) 30.0 (14.8,58.6) 0.056
IL-18 11.0 (—4.5,31.8) 87.1(31.0,174.1) 45.9(—6.7,97.5) 0.014 88.7(30.4, 177.6) 58.2 (16.6, 155.4) 0.059
IL-1ra 7.8(0.8,13.8) 36.0 (9.5, 65.5) 9.8 (—3.0,28.0) 0.006 34.5(9.33,57.3) 17.0(1.1,45.5) 0.046
IL-2 20.8(13.3,42.0) 61.3(25.5,104.0) 29.5(12.4,61.9) 0.006 59.5(27.9,103.3) 40.0 (19.0, 76.0) 0.011
L4 —47.5(—71.5,10.0) —3.8(—10.9,2.6) —9.0(-15.2,-3.2) | 0.028 44.0 (~11.3,1.3) —72(-145,-02) | 0.181
IL-5 9.0 (4.2,17.7) —3.8(—10.9,2.6) 15.5 (0.0, 40.3) <0.001 36.5(8.5,62.8) 24.5(5.5,56.3) 0.275
1L-6 4.0 (=2.5,15.0) 72.7 (8.6, 212.5) 25.8 (2.3.65.0) 0.016 71.1 (22.3, 164.5) 35.9 (8.6, 85.9) 0.002
IL-7 11.8 (—1.0,18.8) 50.8 (15.2, 96.6) 27.1(2.1,65.3) 0.108 61.5(23.1, 106.9) 47.0 (13.7,101.0) 0.178
IL-8 63.0(33.0,77.8) 82.3(39.0,123.5) 75.0 (41.1, 112.8) 0.817 83.0(41.3,129.0) 81.3(52.3,120.3) 0.689
1L-9 —2.0(-8.0,7.5) 34.3 (—2.0,61.0) 6.0 (—6.5,3.8) 0.034 33.0(3.8,59.1) 14.0 (—2.5, 44.5) 0.078
IL-10 21.5(10.0, 30.3) 44.0 (20.3, 84.5) 18.3 (6.0, 338.5) 0.003 47.0 (20.1, 84.0) 25.0(10.9, 52.6) 0.002
IL-12 16.8 (8.5,20.3) 62.8 (15.5, 121.0) 24.0 (1.5, 47.0) 0.002 67.5(26.2, 111.6) 35.5 (11.5, 66.4) <0.001
IL-13 5.3(—1.8,16.0) 116.1 (9.5, 212.6) 41.7 (—1.2,97.6) 0.054 11.6 (31.0, 215.3) 66.2(8.0,166.1) 0.052
IL-15 5.7(0.6,12.2) 37.3(4.8,91.5) 6.5(—1.5,38.3) 0.009 34.8(6.6,77.1) 16.2 (0.7, 43.0) 0.011
IL-17 24.3(18.8,33.5) 50.0 (20.5, 84.5) 27.0(11.6,55.1) 0.094 52.0(24.3,94.8) 42.5(17.0, 81.0) 0.166
IP-10 (x 10%) 35.2(20.4,56.5) 45.0(28.3,71.3) 23.7 (12.4,41.0) <0.001 41.9(28.2,68.0) 23.5(11.1,36.9) <0.001
MCP-1 (x10%) 21.0(10.0,25.2) 13.5(7.8,21.0) 16.6(13.3,21.7) 0.118 15.0 (9.8,21.0) 16.7 (12.2,21.5) 0.256
MIP-1a —0.3(—6.5,18.5) 34.5(5.5,57.0) 16.0 (2.0, 31.0) 0.102 33.5(10.1,68.3) 18.0 (5.3, 50.8) 0.102
MIP-13 47.5 (31.3, 59.5) 87.3 (53.5,172.5) 56.5 (24.5,97.5) 0.051 85.5 (53.0, 164.0) 73.5 (43.5,135.4) 0.183
TNF-a 79.2(52.0, 135.3) 125.8 (91.5, 186.0) 91.0 (59.0, 128.3) 0.007 123.3 (85.0, 186.3) 99.3 (69.9, 140.0) 0.006
VEGF 2.8(—1.0,7.3) 13.8 (4.8, 45.8) 1.9 (—6.0,7.4) <0.001 22.0 (4.8,51.1) 5.7 (—1.0,20.5) <0.001

Table 2. Plasma cytokine concentrations of the HIV-infected participants [Median (IQR; pg/mL)].
"P-value < 0.001 was considered statistically significant after Bonferroni correction.

HIV-infected individuals had significantly increased plasma GM-CSE, IFN-«2, IL-12p70, IP-10 and VEGE and
much higher levels were observed in RDPs compared to SDPs (p < 0.001). Then we asked whether RDPs had
higher levels of plasma cytokines than SDPs in chronic infection as in acute disease. As shown in Fig. 2, both
RDPs and SDPs had high levels of plasma cytokines after viral set point, and had a second wave of cytokines
storms during chronic stages. FGF-2, GM-CSEF, IFN-~, IL-13, IL-15, IL-13, IL-1ra and VEGF had increased more
than 12-fold. 7 of 26 cytokines increased 7-12 fold, and 11 cytokines have less than 7-fold changes. Interesting,
there is no significant difference on the levels and the time to reach peak value of the second wave between two
groups (data not shown).

Correlation among plasma cytokine concentrations during HIV-1 infection. HIV disease pro-
gression resulted in a significant modification of the interconnections between cytokines belonging to func-
tionally distinct classes: the median correlation coefficients (0.890 vs. 0.524) were significantly different in SDPs
and RDPs (p < 0.001), and they were both significantly different from plasma from HIV-uninfected (or healthy)
subjects (0.186, p < 0.001) (Fig. 3). Furthermore, in RDPs, there were 146 (44.9%) statistically significant corre-
lations between the levels of individual cytokines. In contrast, in SDPs, there were 241 (74.2%) such correlations
(p <0.001). Thus, the cytokine networks become more interlocked in SDPs than those in RDPs: 114 new corre-
lations were established, and 19 correlations were lost. 97 pre-existing correlations increased in magnitude, 29
decreased, and 1 did not. For example, for IL-2, only correlations with IL-15, MCP-1, MIP-183 and TNF-« were
found in RDPs, while 11 new statistically significant correlations, including those with IL-4 and IL-10, were
established for this cytokine in SDPs. In another example, a relatively weak correlation of IL-6 with IL-10 in RDPs
(r=0.647, p <0.001) became a very strong one in SDPs (r=0.993, p <0.001).

Discussion
Some studies have previously shown that the cytokine cascade found in AHI might contribute to control of viral
replication®?’. However, both the extent and duration of exponential cytokine expansion during acute infection
are poorly understood*???, Very few studies have been able to investigate the very early events during the first
several weeks post infection, since the exact infection date is hard to know and the plasma samples in acute infec-
tion are difficult to be collected. This study reported the dynamic profile of cytokines from pre-infection to acute,
and chronic stage of infection.

The first finding in this study was that RDPs had rapidly increased cytokines in peripheral blood in very early
after infection, whereas SDP had delayed and only mild increases of plasma cytokines. These data overwhelming
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IL-18 57 9.64 82 5.33
IL-6 82 5.33 77 2.44
Inflammatory IL-12 57 5.77 81 3.13
TNF-o 30 212 NA NA
IFN-a2 57 5.47 81 291
IL-8 30 1.88 82 1.81
Eotaxin NA NA NA NA
IP-10 30 3.26 30 1.20
Chemokines
MCP-1 30 1.83 NA NA
MIP-1a 33 2.63 81 2.32
MIP-13 57 2.89 81 1.93
IL-1ra 33 9.06 81 7.27
Anti-inflammatory
IL-10 33 3.02 81 2.08
VEGF 93 14.93 71 3.73
Growth Factor
FGF-2 62 9.00 81 3.70
1L-7 57 2.26 82 1.90
Hematopoietic G-CSF 33 3.10 81 2.66
GM-CSF 61 8.20 81 2.55
IFN-~ 30 13.77 81 2.51
1L-2 61 6.28 81 3.29
IL-4 33 5.09 54 521
IL-5 36 5.99 77 6.11
Adaptive
1L-9 59 5.09 81 4.54
IL-13 105 18.38 33 9.30
IL-15 48 18.75 82 7.81
IL-17 33 2.71 81 2.46
Average 49.6* 6.7* 74.9 3.7

Table 3. Peak values of plasma cytokines and estimated infection date in RDP group and SDP group. NA
means there was no obvious peak observed. RDP: Rapid Disease Progressor; SDP: Slow Disease Progressor.
"P-value < 0.001 compared with SDP group. *P-value = 0.012 compared with SDP group.

suggested that increased cytokines in very early infection were related to immunopathogenesis and rapid dis-
ease progression, which is consistent with other reports and findings in HBV, HCV and SARS (Severe Acute
Respiratory Syndrome) infections®®?>-?7, Second, we found RDPs had a disparate cytokine profile compared with
SDPs. Multiple cytokines in RDPs, including TNF-q, IL-8, IP-10, MCP-1, MIP-1aq, IL-1ra, IL-10, G-CSE IFN-~,
IL-4 and IL-17, reached peak value in 4 to 5 weeks after infection, whereas only IP-10 and IL-13 in SPDs did
s0, and lack of TNF-« in SDPs. Consistent with our results, another report had also shown elevations in IL-10,
TNF-q, and IFN-~ in acute HIV infection®. IFN-~ is secreted by NK cells, Th1 cells and CD8™ cytotoxic T lym-
phocytes during active infection. IFN-~ has broad effects on immune activation, proinflammatory responses, and
immune modulation?. Interesting, we found IL-13 in SDP reached peak value at much earlier time than RDPs.
An in vitro study had shown that IL-13 decreased TNF-« secreting and modulated monocytes towards support-
ing Ag-specific cell medicated responses®. These data suggested that the rapid increased IL-13 in SDPs might play
arole in augmenting Ag-specific cell medicated responses and be related to slow disease progression.

Consistent with other reports on “cytokine storms” during AHI?, we found an ordered sequence of increased
cytokines during the acute stage in RDP. The first rapid and transient elevations in TNF-q, IFN-~, IL-4, IL-8,
G-CSE and IP-10 were at 2 weeks after detection of peak viral load and declined in parallel with the decrease of
viral replication, which suggested that the virus directly or indirectly drives the production of cytokine. Rapid
and more-sustained elevations in IL-1ra, MIP-1q, IL-5, IL-10 and IL-17 levels were followed by IL-103, IL-2, IL-7,
IL-9, IL-12, IL-15, IFN-a2, MIP-103, FGF-2 and GM-CSF at over 2 months post-infection, and accompanied
by the recovery of CD4" cells. A lately increased cytokine IL-6, VEGF and IL-13 were at around 3 months after
infection. This complex change on the dynamic of cytokines in RDPs did not happen in SDPs, who had much
delayed and milder changes in plasma cytokines. These data suggested that vigorous cytokines storm in RDPs
very early after infection reflected the battle between virus replication and host immune response, and resulted in
immunopathogenesis and rapid disease progression®®3!.

It is widely accepted that cytokines form a coordinating complex network. This study allowed us to reveal
the interaction between different cytokines. The production of an immunosuppressive cytokine like IL-10
became a very strong correlation of IL-6 in slow progression group, compared with rapid progression group.
This is consistent with reports from Dr. Andrea Lisco’s group and others that have demonstrated that in the
course of HIV infection various cytokines are up- or down-regulated in blood and semen, and are more inter-
locked than uninfected individuals'®!>3233, Here we more precisely characterized the “rigidity” of the network
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Figure 1. The dynamic fold changes of plasma (a) IFN-a2, (b) IFN-v, (¢) IL-12, (d) IL-15, (e) IP-10 and (f)
TNF-o in rapid disease progessors (RDPs) (blue dots) and slow disease progressors (SDPs) (red dots). The blue
and red lines are the locally weighted scatterplot smoothing curves for RDPs and SDPs, respectively.

in slow and rapid progressors and found cytokines were more related in SDPs than in RDPs. We revealed that
HIV-1 infection imposes a qualitatively new order on the cytokine network and its underlying cellular net-
works, which may contribute to immunodeficiency. Although the multiple functions of many cytokines are
not completely understood and we do not know the exact functional meaning of correlations and whether they
have direct effects on the immune response, our study shows that many positive correlations are built in the
blood of HIV-1-infected individuals. A larger cohort study may reveal critical factors associated with the reg-
ulation of the cytokines network and indicate novel targets for therapy strategies. There were some limitations
in this study, including the small number of patients, which introduces the possibility of bias that could lead
to an underestimation of the true differences. Additionally, there were more individuals with syphilis in RDP
than SDP, which may contribute to immune activation and lead to transient increases in HIV-1 RNA plasma
levels and decreases in CD4" cell counts, however, it had been shown that syphilis has no apparent long-term
impact on HIV-1 progression®.

In summary, to our knowledge this study is the first to investigate the cytokine cascade and associated net-
works among MSM HIV-1 seroconverters. In the study, we constructed a comprehensive picture of the dynamics
of 26 cytokines in the earliest stage of infection by analyzing sequential plasma samples from acute HIV-infected
MSM. Our study revealed an impressive and broad cytokine storm in AHI in patients with rapid disease progres-
sion, and suggested a rationale that controlling cytokine storms in very early infection (in the first 2 months) may
be beneficial to immune recovery and slow disease progression.

Methods

Ethical Issues. The study protocol and all relevant experiments have been approved by the Beijing You'an
Hospital Research Ethics Committee. All study participants provided written informed consent upon admission
for their information to be stored and used for research. The methods were carried out in accordance with the
approved guidelines and regulations.

Study population and Design. Consenting MSM, newly infected with HIV-1 were recruited from the
Beijing PRIMO Cohort, a prospective cohort of HIV-negative MSM who were screened for HIV every 8-12
weeks?’. Estimated time of infection was defined as the mid-point between the last HIV antibody negative
test and the first HIV antibody positive test, or as 14 days prior to a positive RNA PCR assay on the same day
as a negative HIV Enzyme Immunoassay. Out of 450 acute cases detected between 2 to 6 weeks post infec-
tion, we selected 10 “rapid progressors” whose CD4" T cells decreased to below 200 cell/pL within about
3 years, and 10 “slow progressors” who retained CD4+ T cells above 500 cell/uL at 3 years post-infection
(all in the absence of treatment). Sequential plasma samples collected from pre-infection, at the first HIV
positive point, weeks 1, 2, 4, 8, 12 post-infection and every three months after that, till to over three years
were analyzed. 20 HIV-negative MSM were used as controls. The stage of HIV-1 infection can be depicted
as six discrete stages proposed by Fiebig®. Stage I-II: HIV RNA positive and ELISA negative. Stage IT1I-IV:
HIV RNA positive, ELISA positive, and Western blot negative or indeterminate. Stage V: HIV RNA positive,
ELISA positive, and Western blot positive without P31 band. Stage VI: HIV RNA positive, ELISA positive,
and Western blot positive with P31 band.
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Figure 2. Successive waves of 26 cytokines, viral load and CD4" T cell counts in HIV-1-infected individuals
in rapid (left) and slow (right) progression groups. The solid lines of cytokines were locally weighted scatterplot
smoothing curves (LOWESS) fitted on fold changes of each cytokine for all rapid or slow disease progressors,
respectively. Viral load (log copies/mL, thick blue line) is also plotted on left Y axis. (a) 11 cytokines (Eotaxin,
G-CSE IL-7, IL-8, IL-10, IL-17, IP-10, MCP-1, MIP-1c, MIP-13 and TNF-q) with level increased less than 7 fold.
(b) 7 cytokines (IFN-a2, IL-2, IL-4, IL-5, IL-6, IL-8 and IL-12) with level increased between 7- and 12-fold. (c) 8
cytokines (FGF-2, GM-CSE IFN-~, IL-13, IL-15, IL-13, IL-1ra and VEGF) with level increased more than 12-fold.
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Figure 3. Correlograms of the correlations among 26 plasma cytokine concentrations for (a) healthy subjects,
(b) HIV-infected individuals with rapid disease progression, and (¢) HIV-infected individuals with slow disease
progression. A blue and red color represent a positive and negative correlation between the two plasma cytokine
concentrations that meet at that cell, respectively. The darker and more saturated the color, the greater the
magnitude of the correlation.

Markers of HIV-1 Disease Progression. Absolute blood CD4" T cell counts (cells/uL) were measured
using a FACSCalibure flow cytometry (BD, Franklin Lakes, New Jersey, USA) at regular intervals during HIV-1
infection. Plasma HIV-1 RNA concentrations (copies/mL) were quantified using the COBAS AMPLCOR™
HIV-1 Monitor v1.5 or COBAS Ampliprep/COBAS TagMan 48 Analyser (Roche Diagnostic, Branchburg, New
Jersey, USA), with a detection limit of 40 copies/mL of plasma. Viral load and CD4" T cell count set points were
defined as the average HIV-1 RNA or CD4" T cell count measurements of at least three consecutive visits during
the stable level stage between medians of 24 and 108 weeks post-infection.

Luminex. Cytokine concentrations in plasma were determined by using a high-sensitivity human cytokine/
Milliplex map kit (Millipore): Interleukin (IL)-1 receptor agonist (ra), IL-13, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, epidermal growth factor (EGF)-2, eotaxin, granulocyte colony stimu-
lating factor (G-CSF), granulocyte-macrophage (GM)-CSE, interferon (IFN)-~, IFN-a2, IFN-gamma-induced
protein (IP)-10, monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1c
, MIP-13, TNF-« and vascular endothelial growth factor (VEGF). Each sample was assayed in duplicate,
and cytokine standards supplied by the manufacturer were run on each plate. Data were acquired using a
Luminex-100 system and analyzed using Bio-Plex Manager software, v4.1 (Bio-Rad). Cytokine concentrations
below the lower limits of detection were reported as the midpoint between the lowest concentration for each
cytokine measured and zero.

Statistical Analysis. Non-parametric Mann-Whitney U tests were used to compare the median plasma
cytokine concentrations of the two disease progression groups. P-values < 0.05 were considered statistically sig-
nificant. The correlation among plasma cytokine concentrations for healthy subjects and HIV-1-infected individ-
uals were determined using Spearman correlation coeflicients. Correlation matrices were displayed as schematic
correlograms®. Due to the wide range of each cytokine measurement, fold change of the cytokine level over its
reference level, which was determined as the median cytokine of 20 HIV-negative MSM, was used for the fol-
lowing dynamic analysis. The dynamics of the plasma cytokines were fitted on the change folds along the time
line by locally weighted scatterplot smoothing (LOWESS) with bandwidth (the most important parameter) of
0.3 determined through trial and error. The points of the first and the second peak on the smoothing fitted curve
were determined visually, and the x-axis and y-axis coordinates of the point were regarded as the duration and
magnitude of cytokine elevation for that peak, respectively. All statistical analyses were conducted in Stata/SE 12
and open source procedure R 3.2.
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