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Characterization of the immune responses induced in the initial stages of human immunodeficiency virus
type 1 (HIV-1) infection is of critical importance for an understanding of early viral pathogenesis and
prophylactic vaccine design. Here, we used sequential plasma samples collected during the eclipse and
exponential viral expansion phases from subjects acquiring HIV-1 (or, for comparison, hepatitis B virus
[HBV]or hepatitis C virus [HCV]) to determine the nature and kinetics of the earliest systemic elevations in
cytokine and chemokine levels in each infection. Plasma viremia was quantitated over time, and levels of 30
cytokines and chemokines were measured using Luminex-based multiplex assays and enzyme-linked immu-
nosorbent assays. The increase in plasma viremia in acute HIV-1 infection was found to be associated with
elevations in plasma levels of multiple cytokines and chemokines, including rapid and transient elevations in
alpha interferon (IFN-a) and interleukin-15 (IL-15) levels; a large increase in inducible protein 10 (IP-10)
levels; rapid and more-sustained increases in tumor necrosis factor alpha and monocyte chemotactic protein
1 levels; more slowly initiated elevations in levels of additional proinflammatory factors including IL-6, IL-8,
IL-18, and IFN-vy; and a late-peaking increase in levels of the immunoregulatory cytokine IL-10. Notably, there
was comparatively little perturbation in plasma cytokine levels during the same phase of HBV infection and a
delayed response of more intermediate magnitude in acute HCV infection, indicating that the rapid activation
of a striking systemic cytokine cascade is not a prerequisite for viral clearance (which occurs in a majority of
HBV-infected individuals). The intense early cytokine storm in acute HIV-1 infection may have immunopatho-

logical consequences, promoting immune activation, viral replication, and CD4™ T-cell loss.

Recent studies have highlighted the impact of events in
acute human immunodeficiency virus type 1 (HIV-1) infection
on subsequent disease pathogenesis (10). Following HIV
transmission, there is an eclipse phase of approximately 10
days (18) during which virus is initially amplified at the trans-
mission site and in local lymphoid tissues, and then systemic
dissemination begins (23). Exponential virus expansion is as-
sociated with a massive depletion of memory CD4" T cells,
particularly from gut-associated lymphoid tissues (30, 32).
Plasma viral titers subsequently decline, but immune activation
and viral replication continue and are associated with a further
T-cell loss (24, 33), eventually leading to the development of
AIDS.
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Appreciation of the role of acute-phase events in HIV
pathogenesis emphasizes the need to understand the immune
responses activated in the earliest stages of infection and the
roles that they may be playing in the containment of viral
replication or in fueling immune activation and viral spread
(6). A previously reported study of simian immunodeficiency
virus (SIV)-infected macaques suggested that the earliest im-
mune response in the genital tract was dominated by the in-
duction of proinflammatory cytokines, which may have helped
to promote viral spread, with the induction of antiviral cyto-
kines such as alpha interferon (IFN-a) and IFN-B occurring
too late to prevent virus replication and dissemination (1).
Further support for an immunopathological role for compo-
nents of the immune response activated in the early stages of
infection is provided by comparisons of pathogenic versus non-
pathogenic SIV infections of nonhuman primates, where an
immunosuppressive cytokine profile associated with low levels
of immune activation has been identified as being a key cor-
relate of good disease prognosis (27). This suggests that pro-
phylactic HIV vaccines must induce immune responses that
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FIG. 1. Plasma viral titers in subjects acutely infected with HIV-1, HCV, and HBV. Longitudinal viral nucleic acid titers in plasma samples from
donors acquiring HIV-1 infection (A), HBV infection (B), and HCV infection (C) are shown. The sample time courses are aligned relative to a
Ty, which is defined as the time point when the plasma viral load (VL) first reached detectable levels (100 RNA copies/ml for HIV, 200 DNA
copies/ml for HBV, and 600 RNA copies/ml for HCV). The smooth lines are spline estimates.

block transmission or blunt viral replication so that immuno-
pathological cytokine production is reduced or down-modulate
the cytokine response stimulated in the context of early viral
replication.

To inform vaccine design and identify the window of time
that a vaccine has to induce salutary secondary responses after
transmission, it is critical to define the nature and timing of the
early cytokine response in HIV-infected individuals. Several
groups have attempted to characterize the cytokine response
induced in acute HIV infection by analysis of plasma cytokine
levels or cytokine mRNA expression levels in peripheral blood
leukocytes. These studies have yielded somewhat conflicting
results, with some reporting the upregulation of cytokines and
chemokines including IFN-a (17, 47), tumor necrosis factor
alpha (TNF-a) (3, 20, 36, 39, 47), IFN-vy (5, 20, 36, 42), inter-
leukin-1g (IL-1B) (42), IL-10 (20, 36), inducible protein 10
(IP-10) (40), and regulated on activation, normal T-expressed
and -secreted (RANTES) (31) and no change or a decrease in
levels of cytokines including IL-2, IL-4, and IL-6 (5, 20, 42),
while others have not observed these changes or have reported
opposing findings, e.g., reduced TNF-a levels (5). The discrep-
ancies may be due in part to differences in the assays used to
measure cytokine responses in different studies but likely also
reflect the dynamic nature of acute HIV infection and the
variation between studies in the timing of sample collection.
Many studies were cross-sectional, while others focused on
time points relatively late in acute infection.

In the current study, we constructed a comprehensive pic-
ture of the dynamics of systemic innate and initial adaptive
immune activation in the earliest stages of HIV-1 infection by
performing a kinetic analysis of 30 plasma cytokines and che-
mokines during the eclipse and viral expansion phases using
sequential samples, typically collected 2 to 5 days apart, from
plasma donors acquiring HIV-1 infection. For comparison, we
studied similar plasma panels from donors who acquired either

hepatitis B virus (HBV) or hepatitis C virus (HCV) infection.
We found that in contrast to HBV and HCV, acute-phase HIV
replication is associated with the activation of a dramatic cy-
tokine cascade, with plasma levels of some of the most rapidly
induced innate cytokines peaking 7 days after the first detec-
tion of plasma viremia and multiple other cytokines being
upregulated as viral titers increase to their peak.

MATERIALS AND METHODS

Plasma panels and viral load analysis. Sequential samples were obtained by
plasmapheresis from 35 plasma donors with acute HIV infection, 10 with acute
HBYV infection, and 10 with acute HCV infection (Zeptometrix Corporation and
SeraCare Life Sciences) and were cryopreserved. These panels were collected
prior to the advent of FDA-approved viral load assays, so samples from each
donor were screened by serological assays. Donors who tested positive in these
assays were informed of their test results and counseled to follow up with local
health care providers, and no further plasma units were collected. The sample
time courses for each donor thus spanned time points from prior to plasma virus
detection through seroconversion. HIV viral loads were retrospectively analyzed
by Quest Diagnostics by using a Roche Amplicor HIV Ultra assay (sensitivity,
100 copies/ml). HBV viral loads were analyzed by Zeptometrix Corporation
using a Roche Cobas AmpliPrep TagMan 48 (CAP-G CTM) HBV assay (sen-
sitivity, 70 copies/ml) or a Roche Monitor assay (sensitivity, 200 copies/ml). HCV
viral loads were analyzed using a Roche Amplicor-HCV Monitor assay (sensi-
tivity, 600 copies/ml).

Luminex cytokine assays. Thirteen cytokines/chemokines were measured us-
ing a high-sensitivity human cytokine Lincoplex kit (Millipore): IL-1@, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12(p70), IL-13, IFN-vy, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and TNF-a. Thirteen additional factors
were measured by a Bio-Plex cytokine assay (Bio-Rad): IL-1Ra, IL-9, IL-17,
fibroblast growth factor (FGF) basic, eotaxin, granulocyte colony-stimulating
factor (G-CSF), RANTES, IP-10, macrophage inflammatory protein lae (MIP-
1a), MIP-1B, monocyte chemotactic protein 1 (MCP-1), platelet-derived growth
factor BB (PDGF-BB), and vascular endothelial growth factor (VEGF). Each
sample was assayed in duplicate, and cytokine standards supplied by the manu-
facturer were run on each plate. Data were acquired using a Luminex-100 system
and analyzed using Bio-Plex Manager software, v4.1 (Bio-Rad). Multiplex test kit
results were validated using high-sensitivity enzyme-linked immunosorbent assay
(ELISA) kits where the latter were available. In all cases tested, comparable
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TABLE 1. Percentages of HIV-, HBV-, and HCV-infected subjects who exhibited elevations in levels of each analyte and median day of
initial analyte elevation in these subjects

HIV infection

HBYV infection HCV infection

Analyte” % of subjects Median day of % of subjects Median day of % of subjects Median day
with initial with initial with of initial
elevation elevation elevation elevation elevation elevation
IP-10 100 6 30 7 70 10
IL-15 91.4 6 50 12 40 22.5
TNF-a 80 6 60 10.5 80 11
IFN-a 77.1 6 40 10 50 4
MCP-1 77.1 6 50 14 40 21.5
IL-1R« 71.4 6 10 12 30 10
MIP-1a 22.9 6 10 7 20 25
IL-10 91.4 7 60 10.5 70 12
1L-8 71.4 7 60 17.5 50 20
1L-17 17.1 7 10 1 30 6
1L-6 60 8 50 8 60 21.5
IFN-vy 57.1 8 30 14 60 10
Eotaxin 54.3 8 20 10 10 23
IL-18 74.3 8.5 50 8 80 19.5
MIP-1B 31.4 9 20 14.5 70 13
VEGF 31.4 9 20 13 60 11.5
1L-4 40 9.5 30 21 40 11
FGF basic 22.9 9.5 20 8.5 30 34
G-CSF 31.4 10 10 22 10 27
1L-22 36.4 11 20 21 66.7 27.5
GM-CSF 40 11.5 30 5 30 12
IL-7 48.6 12 20 6 40 17.5
1L-9 31.4 12 20 17.5 30 9
IL-12(p70) 51.4 12.5 40 9.5 50 12
1L-2 51.4 12.5 40 13.5 50 13
IL-5 45.7 12.5 30 5 40 12.5
1L-13 28.6 12.5 40 12.5 40 14.5
IL-1B 51.4 13 40 2.5 40 17.5
PDGF-BB 37.1 14 30 12 40 19
RANTES 20 16 20 29 60 8

elevations were observed using the Luminex-based multiplex assays and individ-
ual ELISA kits (data not shown).

ELISA. Plasma levels of additional cytokines were determined by ELISA.
IL-15 was quantitated using a high-sensitivity chemiluminescent assay (R&D
Systems), while IFN-«, IL-22 (both R&D Systems), IFN-B, and IL-18 (both
Invitrogen) were quantitated using colorimetric ELISAs. Undiluted plasma sam-
ples were run in duplicate, and concentrations were calculated from the kit’s
standard curve.

Type I IFN bioassay. Type 1 IFN bioactivity was quantitated using a biolumi-
nescence kit (nEUtekBio Ltd.). Briefly, plasma was incubated overnight with
cells that are sensitive to human type I IFN, followed by lysis and the addition of
substrate. The resulting bioluminescence is proportional to the amount of type I
IFN activity in the plasma and was measured on a luminometer (Wallac). Sam-
ples were run in duplicate and compared to an IFN standard curve.

Statistical analysis. (i) Estimation of time origin and viral expansion rate. The
plasma donor panels were aligned to a time origin (7)), defined as the time point
at which the viral load first reached 100 copies/ml, 200 copies/ml, or 600 cop-
ies/ml for the panels from HIV-, HBV-, and HCV-infected individuals, respec-
tively. Linear mixed-effects models were used to estimate 7, and the viral ex-
pansion rate for each subject, accounting for data censoring due to the assays’
limits of detection (44, 45).

(ii) Background estimation and definition of positive responses. Transforma-
tion and statistical analysis of the data indicated that there were no significant
elevations in plasma levels of any of the factors measured in the HIV- or
HBV-infected subjects at time points prior to T}, although some fluctuation in
TNF-a levels was observed between day —20 and T, in the HCV-infected
subjects. Data from all time points prior to 7, were used to calculate baseline
levels of analytes in the HIV- and HBV-infected subjects, while only data from
time points prior to day —20 were used for the HCV-infected subjects. Linear
mixed-effects models were fit to these data to estimate the subject-specific base-
line levels of each analyte in each subject (45). Post-T|, responses above the 95%
upper prediction bound were termed positive (46).

(iii) Kaplan-Meier plots and mean curves. Kaplan-Meier analysis was used to
estimate the timing of initial elevation of each analyte, which was subject to
censoring (12). Nonparametric regression was used to obtain the spline estimate
of the mean curve for each analyte over time (21). Subject-specific curve esti-
mates were predicted by functional mixed-effects models (22). Change curves
were calculated to display the mean curve based on the change relative to the
baseline level of each analyte. Proportional scaled change curves were also
prepared to show the change curve scaled from 0 to 1, which was weighted by the
fraction of positive responders for each analyte. All analyses were limited to 20
days post-T|, given the small number of plasma panels extending beyond day 20.
Note that results obtained for the HBV- and HCV-infected cohorts have less
precision due to the smaller sample sizes.

(iv) Binomial tests. To compare the relative timings of initial elevation be-
tween pairs of analytes, a two-sided binomial test was conducted using a positive
difference in timing as a success and the number of nonzero differences as the
number of trials. The false-discovery-rate multiple-adjustment procedure was
used to compute adjusted P values (43).

RESULTS

Exponential viral load expansion in plasma donors with
acute HIV, HBV, or HCV infection. Sequential samples col-
lected from plasma donors acquiring HIV, HBV, or HCV
infections present a rare opportunity to analyze kinetic
changes in systemic cytokine levels during the earliest stages of
these infections. Plasma panels from 35 donors who acquired
HIV, 10 donors who acquired HCV, and 10 donors who ac-
quired HBV infections were studied; each donor was infected
with just one of these viruses. All donors were initially sero-
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negative for HIV, HBV, and HCV, with plasma viral nucleic
acid levels below the limit of detection of commercial assays.
Each one exhibited a dramatic elevation in plasma viral load
during the time frame studied, which is indicative of acute
HIV, HBV, or HCV infection (Fig. 1). Viral load data were
aligned relative to a common 7, which is defined as the time
point when viremia first reached detectable levels (100 RNA
copies/ml for HIV, 200 DNA copies/ml for HBV, and 600
RNA copies/ml for HCV). The kinetics of HIV replication
were the most rapid (mean upswing slope, 0.49), followed
closely by HCV (mean slope, 0.36), while HBV amplification
was considerably slower (mean slope, 0.13). The median times
from T, until the highest recorded viral load were 12 days for
the HIV-infected donors, 17.5 days for the HCV-infected do-
nors, and 30 days for the HBV-infected donors (most of whom
did not reach a peak or plateau during the time frame studied).
In HIV-infected subjects, plasma viral titers typically reached a
peak and then declined sharply, whereas in HCV-infected sub-
jects, plasma virus titers were frequently sustained at high
levels after reaching their maximum.

Elevations in plasma levels of multiple cytokines and che-
mokines in acute HIV-1 infection. Levels of 30 cytokines and
chemokines were quantitated in the plasma panels from the
HIV-, HBV-, and HCV-infected donors. Baseline levels of
each analyte were calculated for each subject, and analyte
levels at post-T|, time points were deemed elevated if they were
above the upper 95% prediction bound determined from the
baseline data. Of the 30 factors measured, 15 became elevated
as viremia increased in more than 50% of the HIV-infected
subjects (Table 1). Figure 2 shows examples of the dynamic
changes occurring in six analytes in three representative HIV-
infected individuals. Different cytokines were elevated in
plasma with distinct kinetics. IL-15 and IFN-a were among the
first cytokines with elevated levels, but their increases were
ephemeral, typically observed at only one or two time points.
The activity of the IFN-a was confirmed using a bioassay; 26 of
27 panels with elevated IFN-a levels showed biological type I
IFN activity at the same time point(s) (data not shown). No
elevation in IFN-B was observed in any panel (data not shown).
TNF-a was also among the first cytokines with levels that were
found to be elevated in plasma but, unlike IL-15 and IFN-q,
was sustained at elevated levels for longer, with its highest
values typically not being recorded until around the time of
peak viremia. The first elevations in IL-18, IFN-y, and IL-10
typically occurred slightly later than for IL-15, IFN-«, and
TNF-a. Here, too, differences were apparent in cytokine ki-
netics, with IL-18 levels frequently paralleling those of TNF-a,
while IL-10 typically reached its highest recorded levels with
relatively delayed kinetics. More rigorous analyses of the tim-
ing, frequency, magnitude, and duration of analyte elevations
were performed as detailed below.

CYTOKINES IN ACUTE HIV, HBV, AND HCV INFECTIONS 3723

Successive waves of elevations in plasma cytokine and che-
mokine levels in acute HIV-1 infection. First, we assessed the
timing relative to 7, of the first elevation in plasma levels of
different cytokines and chemokines in acute HIV infection in
those subjects exhibiting a detectable elevation in the analyte
(Table 1). The earliest median time of first elevation in plasma
cytokine/chemokine levels was 6 days after the detection of
viremia. The analytes elevated in this first wave included
IFN-a, IL-15, TNF-a, IP-10, and MCP-1. A second group of
analytes, including IL-6, IL-8, IL-10, IL-18, and IFN-vy, had
levels that were first elevated at a median of 7 to 8.5 days
post-T,,. Other analytes became elevated later still; e.g., the
median first elevations in IL-4, IL-5, IL-12(p70), and IL-22
occurred 9.5 to 12.5 days post-T,,. The use of binomial tests to
compare the timing of initial elevations of analytes indicated
that all pairwise comparisons between analytes elevated in the
first wave and those in the last group were significant after
multiplicity adjustment (P values of <0.0001 to 0.03).

Kaplan-Meier analysis was used to estimate the time of
initial elevation of each analyte in the entire group of subjects
(Fig. 3A and B). Those analytes elevated earliest were typically
elevated in a high proportion of subjects; e.g., levels of IFN-a,
IL-15, TNF-a, IP-10, and MCP-1 were all elevated in >75% of
subjects. Conversely, the majority of analytes upregulated later
were upregulated in a lower proportion of subjects. Analytes
elevated with delayed kinetics and only in approximately 50%
or fewer of the HIV-infected subjects included both the Th1-
biasing cytokine IL-12 and the Th2 cytokines 1L-4, IL-5, and
IL-13. Fisher’s exact test showed high degrees of association
between elevations in IL-4 and IL-5 (P = 8.997 X 10~°) and
IL-4 and IL-12(p70) (P = 1.513 X 10~ °), suggesting that these
analytes were all reaching detectable levels in a common subset
of subjects mounting a more rapid or exaggerated cytokine
response (rather than different individuals making qualitatively
different responses).

Relative magnitude and duration of elevations in cytokine
and chemokine levels in acute HIV infection. The median
highest recorded level of each cytokine/chemokine in the HIV-
infected subjects exhibiting elevations in the analyte was cal-
culated (Table 2). As samples were obtained a median of 4
days apart, peak analyte levels may have been higher, partic-
ularly for those analytes with rapid kinetics, such as IFN-a.
These data, together with the results shown in Fig. 2, illustrate
that levels of some analytes (e.g., IFN-a and IP-10) increased
markedly in acute HIV infection, while increases in levels of
other analytes (e.g., IL-15 and TNF-a) were typically more
modest, often only two- to threefold. Comparison of the me-
dian time of initial elevation (Table 1) and the median time of
maximal elevation (Table 2) illustrates that whereas some ana-
lytes, e.g., IFN-a, increased to their highest levels very rapidly
(within 1 day), others took much longer to do so; e.g., the time

FIG. 2. Kinetics of changes in plasma cytokine levels in three subjects acutely infected with HIV. Plasma levels of six cytokines (IL-15, IFN-a,
TNF-a, IL-18, IFN-vy, and IL-10) in samples collected at sequential time points from three representative HIV-infected plasma donors (donors
12008, PRB951, and 9015) are shown (black circles and solid lines), together with the plasma HIV titers, expressed as log,,, viral RNA copies/ml
(white circles and dotted lines), for each of these individuals. For each subject, time is plotted relative to T}, the time point when plasma viremia
first reached 100 RNA copies/ml. The vertical dashed line in each panel indicates 7| The horizontal dashed lines indicate the subject-specific
baseline levels of each analyte, and the horizontal black lines indicate the 95% upper prediction bound, above which post-7}, responses were termed

positive.
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TABLE 2. Median baseline and highest recorded level of each analyte
and median day at which the highest analyte level was recorded in
HIV-infected subjects with detectable elevations
in levels of analyte

Lower limit Median I;I/Iieﬁ;? Median day
Analyte of assay baseline rec% rded of highest

detectio: level level recorded

(pg/ml) (pg/ml) (pg/ml) level
IP-10 6.5 296.9 2204.9 9
IL-15 0.19 1.9 3.6 6
TNF-a 0.13 3.4 7.7 11.5
IFN-a 125 4.6 37.5 7
MCP-1 6.7 59.5 135.3 7
IL-1Ra 1.4 140.4 310.5 9
MIP-1a 24 15.2 18.8 10.5
IL-10 0.13 10.3 54.4 12
IL-8 0.13 4.4 11.4 10
IL-17 0.2 39 16.6 8.5
IL-6 0.13 4.7 10 12
IFN-y 0.13 6 17.4 11
Eotaxin 14.60 97.1 149.6 9
IL-18 0.026 196.1 439.3 11.5
MIP-1b 1.1 66.5 92.2 9
VEGF 0.5 11.7 27.4 16
IL-4 0.13 10.1 22.6 15.5
FGF basic 6.8 72.8 108.7 10.5
G-CSF 1.1 59.6 71.2 13
1L-22 15.6 14.1 29 12
GM-CSF 0.13 2.3 4.8 18
IL-7 0.13 2.3 4.6 13
IL-9 0.7 84.3 1294 14
IL-12(p70) 0.13 2.3 53 13.5
IL-2 0.13 22 9.2 16
IL-5 0.13 0.7 1.4 16
IL-13 0.13 2.9 14.9 18
IL-1B 0.13 0.6 2.3 16
PDGF-BB 1.00 636.6 1,395.2 14
RANTES 1.2 5,966.3 9,849.4 16

“ Lower limit of analyte detection in Luminex assays as determined by the
assay manufacturer or bottom point on the standard curve for analytes measured
by ELISA.

from median initial to median peak elevation was 5.5 days for
TNF-a and 5 days for IL-10.

Figure 4A illustrates the average change (relative to base-
line) in each analyte over time in the entire group of HIV-
infected subjects. Whereas the data in Fig. 2 and Tables 1 and
2 show subject-specific changes in plasma analyte levels, Fig. 4
depicts the group-specific changes in analyte levels, illustrating
the average dynamics with which plasma levels of each analyte
increased and decreased during acute HIV infection. The peak
group mean changes in analyte levels in Fig. 4A seem low given
the median highest recorded analyte elevations shown in Table
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2, but this is because the latter displays cross-sectional data
from only those subjects with detectable elevations in each
analyte. In addition, for a few analytes, most notably IFN-vy,
there was considerable variation among subjects in the timing
of initial cytokine elevation, resulting in the group mean IFN-y
level undergoing an initially rapid increase followed by a grad-
ual rise over the time frame studied rather than reaching a
peak and decreasing again, as seen in individual subjects (Fig.
2). To summarize the kinetics and prevalence of elevations of
cytokine and chemokine levels in acute HIV infection in a
single graph, the proportional increase in plasma levels of a
subset of analytes was also plotted together (Fig. 5). In Fig. 5,
the peak heights for different analytes are scaled according to
the percentage of HIV-infected donors who exhibited an ele-
vation in levels of the analyte concerned. Together, Fig. 4A
and 5 illustrate group-specific features of elevations of plasma
cytokine levels in acute HIV infection, including the rapid and
transient elevations in levels of IL-15 and IFN-a that occurred
in the majority of subjects as viremia increased, the more
prolonged elevations in TNF-a and IL-18 levels that paralleled
viremia, and the later-peaking elevation in IL-10 levels.

Reduced and delayed elevations in cytokine and chemokine
levels in acute HBV and HCV infections. Elevations in cyto-
kine/chemokine levels were observed in a lower proportion of
individuals acutely infected with HBV and HCV than with
HIV, with the difference being particularly marked for HBV
(Table 1). For example, whereas rapid elevations in IFN-«a and
IL-15 levels were observed in the majority of HIV-infected
plasma donors, elevations in the levels of these cytokines oc-
curred in =50% of the HBV- or HCV-infected subjects, and
when they did occur, they were typically of much lower mag-
nitude. There was a corresponding lack of detection of type I
IFN activity (data not shown), which is indicative of a block(s)
to acute-phase upregulation of innate cytokine production in
HBYV and HCV infections. Furthermore, where elevations in
cytokine levels were observed in HBV- or HCV-infected indi-
viduals, they typically occurred with delayed kinetics compared
to those in HIV infection (Table 1 and Fig. 3C and D and E
and F, respectively). For example, although TNF-« levels be-
came elevated in the majority of HBV- and HCV-infected
subjects, the median day of first elevation in both these infec-
tions (12.5 days for HBV and 11 days for HCV) was signifi-
cantly later than that found for HIV infection (day 6) (P =
0.0399 and 0.0042 for the comparisons with HBV and HCV,
respectively).

HBYV evoked the “quietest” acute-phase cytokine and che-
mokine response of the three infections studied: of the 30
analytes measured, only 3 had elevated levels in >50% of

FIG. 3. Timing of initial elevation in plasma levels of different cytokines and chemokines in groups of subjects acutely infected with HIV, HBV,
or HCV. Kaplan-Meier estimation was used to represent the distribution of time (relative to 7)) of the initial elevation in levels of different analytes
in groups of subjects infected with HIV (A and B), HBV (C and D), and HCV (E and F). Each panel shows a composite of the results for 24
different analytes plotted as the cumulative proportion of the study population who had exhibited an elevation in plasma analyte levels over time
(days from Ty). In A, C, and E, results for six cytokines are highlighted in color [lime green, IL-15; emerald green, TNF-«; orange, IFN-a; pink,
IL-5; purple, IL-12(p70); dark blue, IL-4] in a single panel, while results for other analytes are in gray. In B, D, and F, there are 24 small panels,
each of which shows the results for a single analyte highlighted in color, while results for other analytes are in gray. The panels in B, D, and F are
ordered (left to right across four rows) according to the timing of initial analyte elevation in the HIV-infected subject group, with the analyte most

rapidly elevated in 50% of subjects shown first.
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FIG. 4. Mean change relative to baseline in plasma analyte levels over time in groups of subjects infected with HIV, HBV, and HCV. The mean
changes relative to baseline in plasma levels of 24 different analytes over time (relative to 7,) in the entire group of subjects infected with HIV
(A), HBV (B), or HCV (C) are shown. Each panel includes a composite of the results for all 24 analytes, with data for a single analyte (as indicated
by the label above) highlighted in color and data for other analytes shown in gray. The mean plasma viral load in the entire group of subjects (viral

nucleic acid copies [cp]/ml, plotted on a log scale) is also shown in each panel (black line). Panels are ordered alphabetically by analyte.

subjects during the time frame studied (IL-18, TNF-«, and
IL-10, each elevated in 6 of 10 donors). Not only were rela-
tively few elevations in cytokine/chemokine levels observed in
acute HBV infection, but those that did occur were typically of
lower magnitude than the corresponding elevations during
acute HIV infection (Table 3). The low frequency, low mag-
nitude, and lack of synchronicity of elevations in plasma ana-
lyte levels in the HBV-infected subjects resulted in very little
perturbation of the group mean levels of any analyte over the
time frame studied (Fig. 4B).

There were more changes in plasma cytokine/chemokine
levels in acute HCV infection than in acute HBV infection
although still less dramatic perturbations than in acute HIV
infection. Analytes that had elevated levels in >50% of the
HCV-infected subjects included TNF-a and IL-18 (8 of 10
subjects); IP-10, MIP-1B, IL-10, and IL-22 (7 of 10 subjects);
and RANTES, IFN-y, and IL-6 (6 of 10 subjects). Interest-
ingly, the chemokines MIP-13 and RANTES were elevated in
a higher proportion of individuals acutely infected with HCV
than with HIV. The kinetics of elevation of cytokine levels in
acute HCV infection were also markedly delayed compared to

those in acute HIV infection (Fig. 3E and F). The median time
of initial elevation of 16 of the 30 analytes studied was between
days 6 and 8 post-T, in acute HIV infection, whereas only 3 of
30 analytes had a median time of first elevation of day 8 or
earlier in acute HCV infection. Additionally, the hierarchy of
cytokine induction differed between acute HCV and acute
HIV infection (Fig. 3 and Table 1); e.g., TNF-a was among the
first group of cytokines/chemokines to be elevated in acute
HIV infection, but the first elevation in TNF-a was preceded
by elevations in levels of multiple other analytes in acute HCV
infection. RANTES was among the first analytes to be elevated
in acute HCV infection (median day of first elevation, 8), but
levels increased relatively late in acute HIV infection (median
day of first elevation, 16). As in acute HBV infection, eleva-
tions of plasma cytokine levels in acute HCV infection were
typically of lower magnitude than in acute HIV infection (Ta-
ble 4). The low proportion of responding subjects and lack of
synchronicity of elevations in analyte levels again resulted in
little change being apparent in the group mean plasma levels of
any analyte over the time frame studied (Fig. 4C).

In summary, there were marked differences in the pattern of
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FIG. 5. Scaled proportional group mean change relative to baseline over time in plasma levels of selected analytes in subjects acutely infected
with HIV. The proportional change relative to baseline in plasma levels of selected analytes (see key) and the viral load over time in the entire
group of HIV-infected subjects are shown. The peak heights for different analytes are scaled according to the percentage of HIV-infected subjects
studied who exhibited an elevation in plasma levels of the analyte concerned. Time is plotted in days relative to 7. cp, copies.

elevations in cytokine/chemokine levels observed in plasma
during the phase of exponential viral amplification in acute
HIV, HBV, and HCV infections, with a rapid induction of
classic innate cytokines followed by multiple other cytokines
and chemokines in acute HIV infection, remarkably little per-
turbation in plasma cytokine/chemokine levels in acute HBV
infection, and a delayed response of more-intermediate mag-
nitude in acute HCV infection.

DISCUSSION

The availability of plasma panels from donors who acquired
HIV, HBV, or HCV infection has enabled an unprecedented
comparative analysis of the induction of plasma cytokines and
chemokines during the acute phase of exponential viral repli-
cation in each of these infections. The increase in viremia in
primary HIV infection was found to be associated with an
ordered sequence of elevations in plasma levels of multiple
cytokines and chemokines, including rapid and transient ele-
vations in IFN-a and IL-15 levels; a large increase in IP-10
levels; rapid and more-sustained increases in TNF-a and
MCP-1 levels; more slowly initiated elevations in levels of
additional proinflammatory factors including IL-6, IL-8, IL-18,
and IFN-y; and a late-peaking increase in levels of the immu-

noregulatory cytokine IL-10. In contrast, the exponential in-
crease in viremia in acute HBV and HCV infections was not
associated with a similarly pronounced rapid increase in
plasma levels of classic innate cytokines such as IFN-a and
IL-15. In acute HBV infection, there was relatively little per-
turbation in plasma cytokine and chemokine levels over the
entire time frame studied, with TNF-q, IL-8, and IL-10 being
the only factors with elevated levels in >50% of subjects. In
acute HCV infection, there were delayed increases in levels of
cytokines and chemokines including TNF-a, IFN-y, IL-6, IL-
10, IL-18, IP-10, MIP-1pB, and RANTES.

As only plasma samples were available from the donors
studied here, it was not possible to address the cellular sources
of the elevated levels of cytokines and chemokines. However,
the pattern of elevations in cytokine levels observed during
acute HIV infection would be consistent with a “textbook”
response involving the sequential activation of dendritic cells
(DCs), other innate cell subsets, and adaptive responses. Plas-
macytoid DCs (pDCs), which act as the principal source of
systemic IFN-a production in many viral infections, are acti-
vated to produce cytokines following the endocytosis of HIV
virions in vitro (4) and may have been triggered by systemic
viral spread to produce the early elevations in plasma IFN-q,
IL-15, and TNF-a levels. Myeloid DCs (mDCs) are classically
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TABLE 3. Median baseline and highest recorded level of each analyte
and median day at which the highest analyte level was recorded
in the HBV-infected subjects studied with detectable
elevations in the analyte

. . Median da
A Median baseline Median highest of highesty
nalyte level recorded level
evel (pg/ml) (pg/ml) recorded

level
IP-10 324.8 734.3 7
IL-15 2 3.7 22
TNF-« 4.5 8.3 18
IFNa 3.1 55 11.5
MCP-1 513 80.8 21
IL-1 Ra 50.2 179.3 12
MIP-1a 2.4 7.3 30
IL-10 9.6 29 19
IL-8 43 9.7 21.5
1L-17 3.9 13.1 1
IL-6 8.1 10.1 14
IFN-vy 20.2 22.2 15
Eotaxin 64.1 81 10
IL-18 176.6 254.5 15
MIP-1B 58.5 95.1 14.5
VEGF 8.6 36.9 13
IL-4 435 75.1 22
FGF basic 429 83.9 8.5
G-CSF 13.8 21.7 22
1L-22 12.8 22.7 21
GM-CSF 53 7.1 20
IL-7 10.8 22 23.5
IL-9 155.8 665.5 17.5
IL-12(p70) 8.8 13.2 24.5
IL-2 6.6 9.1 28.5
IL-5 6.1 8 19
IL-13 10.8 14 20.5
IL-1B 2.4 2.8 20
PDGF-BB 382.5 1,231 21
RANTES 5,341 10,879 29

responsible for the slower and more-prolonged secretion of an
array of cytokines including IL-12, IL-18, and TNF-a. Notably,
little elevation in IL-12(p70) was detected during the viral
ramp-up phase in acute HIV infection. This could be a conse-
quence of the pronounced type I IFN response, which has been
shown to limit IL-12 production by conventional DCs in other
virus infections (13), or may be a consequence of HIV infec-
tion of mDCs, which blocks their maturation and IL-12 pro-
duction in vitro (19). The lack of a strong, early IL-12 response
may promote HIV-1 persistence: the administration of recom-
binant IL-12 to macaques during acute SIV infection enhanced
both NK and CD8™" T-cell responses and resulted in lower viral
loads and enhanced survival (2). The deficit in early IL-12
production aside, the initial DC activation and robust cytokine
production in HIV infection were likely involved in activating
other cell subsets, including monocytes and natural killer
(NK), NKT, and T/B cells. Interestingly, the chemokines MIP-
la, MIP-1B, and RANTES, which possess anti-HIV activity
(11), were induced in only a low proportion of HIV-infected
subjects during the time frame studied. One potential target of
immunotherapy would be to induce a rapid increase in the
levels of these chemokines in acute HIV infection.

In contrast to HIV infection, strong elevations in plasma
levels of innate cytokines were not detected as viremia in-
creased in acute HBV and HCV infections. As the plasma
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donor panels gave a good coverage of the time frame from day
—20 to day +20 relative to the first detection of plasma viremia
in each infection, systemic elevations in plasma cytokine/che-
mokine levels occurring during the eclipse phase and initial
period of acute viral expansion should have been captured. It
thus appears that a high-level systemic elevation of innate
cytokines such as IFN-a does not occur in acute HBV and
HCV infections. Both HBV and HCV replicate primarily in
the liver, as opposed to the widespread distribution of virus
in acute HIV infection, which may contribute to the difference
in systemic innate activation in these infections. Additionally,
HBV and HCV possess strategies for blocking type I IFN
production in the cells which they infect (7, 16, 29, 48). How-
ever, pDCs are triggered to produce IFN-a upon the recogni-
tion of viral components, without the need for infection. This
suggests that HBV and HCV may also impair pDC function in
vivo, a hypothesis supported by a recent study demonstrating
that HCV can inhibit Toll-like receptor 9-stimulated IFN-a
production by pDCs (but not mDCs) by a mechanism that does
not require pDC infection (41). The delayed elevations in
plasma levels of certain cytokines and chemokines that we
observed in acute HCV infection may result from a slow acti-
vation of mDCs and other innate cell subsets in the absence of
pDC-derived cytokines. In contrast, HBV may possess mech-
anisms for suppressing even this.

TABLE 4. Median baseline and highest recorded level of each analyte
and median day at which the highest analyte level was recorded
in the HCV-infected subjects studied with detectable
elevations of levels of analyte

. . Median da
A Median baseline Median highest of highesty
nalyte level ( 1 recorded level
pg/ml) (pg/ml) recorded

level
IP-10 600.9 3532.0 30.0
IL-15 1.7 2.5 225
TNF-a 5.0 8.9 28.5
IFN-a 4.7 7.2 4.0
MCP-1 45.4 73.3 23.0
IL-1R«a 105.8 151.7 27.0
MIP-1a 23 5.8 25.0
IL-10 12.9 51.0 32.0
IL-8 44 8.7 31.0
IL-17 2.2 61.6 14.0
IL-6 7.9 14.3 23.0
IFN-vy 18.0 30.3 23.0
Eotaxin 46.0 59.1 30.0
IL-18 209.5 395.3 25.0
MIP-1B 42.7 84.6 30.0
VEGF 8.9 20.2 18.5
IL-4 24.7 36.4 17.5
FGF basic 14.4 57.6 34.0
G-CSF 31.6 44.7 27.0
IL-22 14.1 31.3 31.5
GM-CSF 4.1 8.1 12.0
IL-7 3.0 7.1 17.5
IL-9 39.3 96.1 13.0
IL-12(p70) 6.5 10.8 23.0
IL-2 8.3 14.1 23.0
IL-5 0.7 1.0 16.0
IL-13 17.9 39.7 17.5
IL-1B 2.3 44 17.5
PDGF-BB 1,246.2 2,621.9 19.0
RANTES 8,509.0 17,467.8 11.0
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The cascade of cytokine production that occurs in acute HIV
infection may contribute to the control of viral replication
directly and/or indirectly via the activation of other effector
mechanisms. For example, type I IFNs mediate antiviral activ-
ity against HIV in vitro (37) and have been shown to inhibit
HIV replication in severe combined immunodeficiency (SCID)
mice transplanted with human cells (28). Proinflammatory cy-
tokines including TNF-a, IL-6, and IL-22 upregulate the pro-
duction of acute-phase reactants such as serum amyloid A that
can also inhibit HIV replication (34). Type I IFNs and other
innate cytokines including IL-15 and IL-18 also mediate im-
portant immunostimulatory effects in early infection, acting on
both innate and adaptive cell subsets. IL-15 treatment during
acute SIV infection resulted in an increase in NK cell and
SIV-specific CD8" T-cell numbers at peak viremia and a re-
duction in the number of SIV-infected cells in lymph nodes
(35).

No information is available about the long-term control of
viral replication in the subjects whose acute responses were
studied here, but whereas HIV persists in the vast majority of
infected individuals, HCV typically persists in only ~60 to 80%
of infected adults, and HBV persists in ~10% of infected
adults (38), indicating that the rapid induction of a robust
systemic cytokine response is not a prerequisite for preventing
the establishment of virus persistence. Moreover, high-level
proinflammatory cytokine/chemokine production during acute
viral infections can be associated with enhanced pathogenesis,
as observed in human infections with avian influenza A
(H5N1) virus (14) and severe acute respiratory syndrome coro-
navirus (9). The pronounced cytokine/chemokine response in-
duced during acute HIV infection may likewise have detrimen-
tal effects. HIV replication is promoted by immune activation;
hence, the burst of production of immunostimulatory cytokines
in acute infection may enhance early virus replication. Al-
though IL-15 treatment during acute SIV infection enhanced
early immune responses, it also increased the activation and
proliferation of CD4" T cells, which was associated with the
establishment of a higher persisting viral load and accelerated
disease progression (35). IL-15 treatment also abrogated the
ability of vaccination to decrease set-point viremia in macaques
(26). Many of the other proinflammatory cytokines induced in
acute HIV infection have also been shown to promote HIV
replication in vitro and may do likewise in vivo.

Innate cytokines induced in acute HIV infection may also
contribute more directly to the CD4" T-cell apoptosis that
occurs at this time. Although the apoptosis of HIV-infected
CD4" T cells may restrict viral spread, cytokines are also
thought to drive the “bystander” destruction of uninfected
CD4" T cells, and widespread acute-phase CD4" T-cell de-
struction is a hallmark of pathogenic immunodeficiency virus
infections in humans and primates. Type I IFNs can induce
cellular apoptosis both directly and indirectly, e.g., the HIV-
stimulated production of IFN-a induces CD4 " T-cell expres-
sion of TRAIL, the binding of which to DRS is thought to
contribute to CD4™ T-cell loss in HIV infection (25). Notably,
the elevation in IFN-« levels in acute HIV infection is accom-
panied by a peak in plasma TRAIL levels (18). Likewise,
TNF-a can drive apoptosis through binding to cellular TNF
receptors, and peak plasma levels of apoptotic microparticles,

J. VIROL.

TNFR2, and Fas ligand are observed at the time of maximal
TNF-a elevation, when viremia is at its peak (18).

Consistent with high-level systemic cytokine production in
acute HIV infection causing immunopathology, there is a
much more immunosuppressive immune profile in the acute
phase of nonpathogenic immunodeficiency virus infections in
primates. For example, nonpathogenic SIVagm infection of
African green monkeys is associated with a rapid and strong
induction of transforming growth factor Bl (TGF-B1) and
forkhead box (Fox) P3 expression, followed by an increase in
IL-10 levels, with no increase in TNF-a and only a transient
increase in IFN-y transcription. In contrast, in pathogenic
SIVmac infection in rhesus macaques, there is a delayed in-
crease in IL-10 levels accompanied by only a moderate in-
crease in levels of TGF-B (27). The latter pattern resembles
acute HIV infection in humans, where we observed a late peak
in plasma IL-10 levels and were unable to detect any elevation
in levels of TGF-B in assays performed on a subset of subjects
(data not shown). The late-peaking IL-10 response may not
only be too late to subdue immunopathogenic levels of proin-
flammatory cytokine production but may also contribute to
HIV persistence by driving the exhaustion of virus-specific
CD8™" T cells (8, 15).

In summary, our current study reveals an impressive and
broad “cytokine storm” in acute HIV infection, which, in the
vast majority of infected subjects, leads to failure to clear the
virus. Although some of the cytokines/chemokines produced in
acute HIV infection may contribute to the control of viral
replication, the exaggerated cytokine response likely also con-
tributes to the early immunopathology of the infection and
associated long-term consequences.
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