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Abstract

Introduction: Immunological damage in acute HIV infection (AHI) may predispose to detrimental clinical sequela.
However, studies on the earliest HIV-induced immunological changes are limited, particularly in sub-Saharan Africa.
We assessed the plasma cytokines kinetics, and their associations with virological and immunological parameters, in
a well-characterized AHI cohort where participants were diagnosed before peak viremia.

Methods: Blood cytokine levels were measured using Luminex and ELISA assays pre-infection, during the
hyperacute infection phase (before or at peak viremia, 1-11 days after the first detection of viremia), after peak
viremia (24-32 days), and during the early chronic phase (77-263 days). Gag-protease-driven replicative capacities of
the transmitted/founder viruses were determined using a green fluorescent reporter T cell assay. Complete blood
counts were determined before and immediately following AHI detection before ART initiation.

Results: Untreated AHI was associated with a cytokine storm of 12 out of the 33 cytokines analyzed. Initiation of
ART during Fiebig stages I-Il abrogated the cytokine storm. In untreated AHI, virus replicative capacity correlated
positively with IP-10 (rho =0.84, P < 0.001) and IFN-alpha (rho =0.59, P=0.045) and inversely with nadir CD4" T cell
counts (rho=—0.58, P=0.048). Hyperacute HIV infection before the initiation of ART was associated with a transient
increase in monocytes (P < 0.001), decreased lymphocytes (P=0.011) and eosinophils (P =0.003) at Fiebig stages I-Il,
and decreased eosinophils (P < 0.001) and basophils (P=0.007) at Fiebig stages llI-V. Levels of CXCL13 during the
untreated hyperacute phase correlated inversely with blood eosinophils (rho =—0.89, P < 0.001), basophils (rho =—
0.87, P=0.001) and lymphocytes (rho =—0.81, P=0.005), suggesting their trafficking into tissues. In early treated
individuals, time to viral load suppression correlated positively with plasma CXCL13 at the early chronic phase
(rho=0.83, P=0.042).

Conclusion: While commencement of ART during Fiebig stages I-Il of AHI abrogated the HIV-induced cytokine
storm, significant depletions of eosinophils, basophils, and lymphocytes, as well as transient expansions of
monocytes, were still observed in these individuals in the hyperacute phase before the initiation of ART, suggesting
that even ART initiated during the onset of viremia does not abrogate all HIV-induced immune changes.
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Background

HIV infection is associated with immune activation
which manifests in the elevation of numerous plasma cy-
tokines and chemokines [1-7]. Notably, the elevation of
some plasma cytokines occurs very early after infection,
with acute HIV infection (AHI) being characterized by
the onset of a cytokine storm in the period leading up to
peak viremia [1, 2, 4, 6]. The resolution of the cytokine
storm following peak viremia is partial, with some cyto-
kines remaining elevated above pre-infection physiologic
levels which persist into the chronic phase in untreated
infection. Similar observations of the cytokine storm
have been reported in acute pathogenic SIV infections in
rhesus macaques [8—-11]. Even though the initiation of
ART significantly reduces the plasma levels of inflamma-
tory cytokines, some residual immune activation has
been reported to persist even after the early initiation of
ART [7, 12, 13].

AHI is also associated with dysregulations in lympho-
cyte compartments [6, 14—16]. Partial spontaneous recov-
ery of some of the lymphocyte compartments occurs after
peak viremia [14, 15]. Early initiation of ART in AHI al-
lows the recovery of helper CD4" T cells [15]. The effects
of AHI on other white blood cells, especially in the granu-
locytes compartment, are poorly understood.

The HIV-induced inflammatory immune activation is
linked to poor outcomes in chronic HIV infection due
to its association with CD4" T cell depletion, higher viral
replication, and increased risk of non-immunological
complications including cardiovascular complications
and kidney dysfunction [10, 17-22]. Even though most
HIV-associated complications only become clinically ap-
parent during the chronic phase of infection, the nature
of the early cytokine profile could set the tempo for later
immune-driven pathologies. For example, in SIV infec-
tion models, high levels of inflammatory cytokines in the
acute phase are associated with faster disease progres-
sion and higher viral loads during chronic phases [11].
However, early immunologic and virologic events in
HIV infection, and their impact on subsequent disease
progression, remain understudied due to the logistical
difficulties in obtaining pre-infection and early acute in-
fection samples from HIV-infected individuals. Most hu-
man immunological studies during AHI have been done
in resource-rich countries in patients infected with HIV
subtype B, yet HIV-1 subtypes differ in their virulence
[1, 23-25]. Also, the previous studies were mostly con-
ducted in cohorts that were dominated by male patients,
yet the highest burden of HIV in sub-Saharan Africa is
in women, and gender has been shown to affect inflam-
matory responses [26]. Furthermore, geographical
localization determines the basal inflammatory state due
to environmental exposure to other endemic pathogens
[27]. As such, HIV-1 subtype C, which is the most
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common clade in Southern Africa where women are
most affected, may induce a cytokine storm that drives
unique pathologies [24, 25].

A better understanding of how HIV-1 subtype C infec-
tion in women in sub-Saharan Africa perturbs the im-
mune environment during AHI, and how this may
potentially lead to immune-driven pathologies and clin-
ically significant sequela, is necessary. This will inform
strategies to modulate immune responses and confer
clinical benefits in vaccine, treatment, and cure efforts.
Such knowledge may also guide efforts to mitigate HIV-
associated co-morbidities, such as cardiovascular events
and kidney dysfunction, in HIV-1 subtype C infections.
Here, we longitudinally investigated the levels of plasma
cytokines in acutely infected early-treated and untreated
young women identified in a well-characterized hyper-
acute HIV-1 subtype C infection cohort, in whom pre-
infection and longitudinal post-infection samples were
available [15]. We also assessed the early immune cell
dynamics in untreated acute HIV in the entire cohort by
comparing pre-infection complete blood counts with re-
spective measurements at the first post-infection sam-
pling time point before the initiation of treatment.
Further, we checked for correlations between the cyto-
kines and virological and immunological parameters to
determine their possible associations. We show that even
though the cytokine storm that is induced in acute HIV-
1 subtype C infection is abrogated by immediate treat-
ment, some cellular changes still occur in all individuals
before the earliest possible initiation of treatment. We
also show novel associations between the plasma cyto-
kines and virological and immunological parameters,
providing insight into the pathogenesis of acute HIV-1
subtype C.

Methods

Study participants

HIV-uninfected women aged 18—23 years were recruited
into the Females Rising through Education, Support, and
Health (FRESH) cohort in Umlazi, Durban, South Africa
[15]. Participants attended a twice-weekly socioeconomic
empowerment program which was integrated with the
study protocol. At each visit, a finger-prick blood draw
was performed for HIV RNA testing. Blood samples
were collected and archived every 3 months during the
surveillance/empowerment period. From the participants
who tested positive for HIV RNA, biological sampling
continued regularly, during the acute and chronic
phases.

In accordance with the South African national clinical
guidelines at that time, treatment was deferred in the
first 14 participants identified with AHI until CD4" T
cells declined to the recommended eligibility threshold
which was changed from 350 to 500 cells/pL during that
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period. Subsequently, the study protocol was modified,
enabling all participants who tested positive for HIV
RNA to be initiated on immediate ART. Complete blood
counts (CBCs), CD4" T cell counts, and viral loads were
determined at an accredited diagnostic laboratory in
Durban, South Africa. CBCs were determined in the
FRESH participants before infection and at the earliest
post-infection visit, before the initiation of ART. All in-
fected participants in the FRESH cohort were infected
with HIV-1 subtype C.

For comparison, measurements from HIV-1 subtype
C-infected chronic viremic participants in a separate co-
hort, the HIV Pathogenesis Programme (HPP) acute in-
fection cohort in Durban, South Africa, were included in
some of the analyses [28]. In this cohort, CBCs had been
determined in some untreated participants at the
chronic phase of infection before the initiation of ART
as per the clinical guidelines at that time.

Sample processing and storage of plasma

Blood samples were collected in acid citrate dextrose
tubes (BD, Franklin Lakes, NJ, USA) and immediately
transported to the laboratory. The plasma component
was separated from the cellular component by centrifu-
gation within 6 h, followed by immediate storage at —
80°C. To avoid repeated freeze-thaw cycles that could
negatively impact the cytokines, at the time of the assays,
the plasma samples were thawed once and aliquoted into
96-well microplates that were sealed and stored at —
80 °C for future cytokines assays.

Determination of cytokine concentrations in plasma

Plasma concentrations for 30 cytokines and markers of
inflammation were measured using a 30-plex Luminex
kit (Invitrogen, Carlsbad, CA, USA) at the following
stages: pre-infection (12-150days before the detection
of viremia), during the hyperacute infection phase (4—11
days after the detection of viremia), after peak viremia
(24—32 days after the detection of viremia), and during
the early chronic phase (238-263 days [except one par-
ticipant at 434 days] after the detection of viremia). The
kit targeted the following analytes: FGF-Basic, IL-1beta,
G-CSF, IL-10, IL-13, IL-6, IL-12, RANTES, eotaxin, IL-
17, MIP-1lalpha, GM-CSF, MIP-1beta, MCP-1, IL-15,
EGF, IL-5, HGF, VEGF, I[FN-gamma, [FN-alpha, IL-1RA,
TNEF-alpha, IL-2, IL-7, IP-10, soluble IL-2 receptor,
MIG, IL-4, and IL-8. In addition, plasma IFN-alpha was
measured pre-infection, at two time points in the hyper-
acute phase (1-4 days and 4-11 days after the detection
of viremia) and at two time points after peak viremia
(13-18days and 24-32days after the detection of
viremia) using the human IFN-alpha multi-subtype
ELISA kit (PBL Assay Science, Piscataway, NJ, USA).
Since the measurements of IFN-alpha were done with
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both the Luminex kit and the ELISA kit, the ELISA mea-
surements were chosen for analyses because they had
additional time points during AHI (1-4 days and 13-18
weeks) that were not captured in the Luminex measure-
ments. The plasma levels of BAFF had been measured in
a previous study pre-infection, during the hyperacute in-
fection phase (4—11 days after the detection of viremia),
at two time points after peak viremia (13-18 days and
24-32 days after the detection of viremia), and during
the early chronic phase (77-95 days after the detection
of viremia) using Human BAFF Quantikine ELISA kit
(R&D Systems, Minneapolis, MN, USA) while CXCL13
had been measured pre-infection, during the hyperacute
infection phase (1-4 days after the detection of viremia),
at two time points after peak viremia (13-18 days and
24-32 days after the detection of viremia), and during
the early chronic phase (77-95 days after the detection
of viremia) using human CXCL13 Quantikine ELISA kit
(R&D Systems) [6]. Soluble CD14 was measured using
human CD14 DuoSet ELISA pre-infection, during the
hyperacute phase (4—11days after the detection of
viremia), after peak viremia (24—32 days after the detec-
tion of viremia), and during the early chronic phase
(238-263 days [except one participant at 434 days] after
the detection of viremia) (R&D System:s).

Determination of HIV replication capacity

Gag-protease recombinant viruses were generated as
previously described [29]. Briefly, viral RNA was ex-
tracted from acute infection plasma samples. Reverse
transcription PCR (RT-PCR) was performed on the ex-
tracted RNA using the following primers: 5° CAC TGC
TTA AGC CTC AAT AAA GCT TGC C 3’ (HXB2 nu-
cleotides 512-539) and 5" TTT AAC CCT GCT GGG
TGT GGT ATY CCT 3’ (HXB2 nucleotides 2851-2825)
(Superscript III One-Step RT-PCR kit, Invitrogen, Carls-
bad, CA). To enable recombination with an NL4-3 back-
bone, a second-round PCR was performed using 100-
mer primers that were complementary to NL4-3 on ei-
ther side of Gag-protease. A digested gag-protease-de-
leted pNL4-3 plasmid was then co-transfected with the
patients’ gag-protease PCR amplicons into Tat-inducible
green fluorescent protein (GFP) reporter GXR T cells by
electroporation. The GXR T cells were cultured and
monitored by flow cytometry for percentages of infected
cells. Virus-containing culture supernatants were har-
vested and stored when approximately 30% of the cells
became infected.

The titers of the harvested virus stocks were then
assessed by determining the percentage of infected
GXR T cells after 48 h of exposure, followed by cal-
culating the amounts of virus stocks needed to
achieve infection rates of 0.3%, ie., a multiplicity of
infection (MOI) of 0.003.
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In the replication capacity assays, GXR T cells were
cultured with virus stocks at an MOI of 0.003 for 6 days.
The slope of the percentages of infected GXR T cells be-
tween day 3 and day 6 was calculated using the semilog
method and then normalized by dividing by the slope of
a wild-type NL4-3 virus included in the same assay.

Statistical analyses

Comparisons of paired participants’ samples between
different time points were assessed using the Wilcoxon
matched-pairs signed-rank test. Nadir CD4" T cell
counts were determined as the nadir during the first 28
days after the detection of plasma viremia. Set point
CD4" T cell counts and set point viral loads were deter-
mined by calculating the averages between 28 days and
6 months after the detection of viremia. Relationships
between cytokine levels, viral replicative capacity, CD4"
T cell parameters, CBC measurements, and viral loads
were determined using Spearman’s rank-order correl-
ation. Due to sample size limitations, corrections for
multiple comparisons were not done. Multivariable lin-
ear regression analyses were conducted to assess the in-
dependent associations among some of the variables
after adjusting for covariates. Since CBC measurements
in the FRESH cohort were only available at the pre-
infection and the earliest post-infection visits, we strati-
fied the post-infection data according to the Fiebig stage
at diagnosis (i.e., Fiebig stages I-II and Fiebig stages III-
V) to determine the progressive effects of HIV during
the acute phases of the infection. For comparison, we in-
cluded CBC data from a chronic viremic HIV infection
cohort. Cross-sectional comparisons between the pre-
infection, Fiebig stages I-II, Fiebig stages III-V, and the
chronic datasets were then done using the Wilcoxon
rank-sum test (Mann-Whitney U test).

To simplify the visualization of the temporal variation
in the cytokine profiles of the study participants, princi-
pal component analyses were done on the cytokines that
showed elevation during acute HIV infection. The MetS-
cape application was used within the Cytoscape platform
to show the correlation network between different cyto-
kines, immune cells, viral replication capacity, and other
clinical laboratory measurements [30].

P values <0.05 were considered statistically significant.
All analyses were done on Stata version 15 (StataCorp)
and GraphPad Prism version 7 (GraphPad Software, Inc).

Results

Characteristics of the study participants

Due to limitations in the availability of matched longitu-
dinal plasma samples, 12 of the first 14 untreated partic-
ipants for whom ART was deferred until immunological
deterioration were assessed in the measurement of
plasma cytokines levels. For comparison, 8 participants
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who received immediate ART during AHI were assessed
to determine the impact of early ART. All but 1 partici-
pant were diagnosed at Fiebig stages I-II. One partici-
pant was diagnosed at Fiebig stage III. Notably, all
participants, including the one diagnosed at Fiebig stage
III, were on an upward plasma viral load trajectory at
diagnosis. Early treatment was associated with the blunt-
ing of peak viremia and preservation of CD4" T cell
counts, consistent with our previous reports (Table 1
and Supplementary figure 1A-D) [15].

Acute HIV infection induces a cytokine/chemokine storm
which is characterized by distinct kinetics and is
abrogated by treatment at Fiebig stages I-II

In agreement with previous work, untreated AHI was as-
sociated with a surge in plasma cytokines, compared to
matched pre-infection time points [1]. Of the 33 analytes
measured, untreated individuals developed elevated
levels of IP-10, MIG, MCP-1, IL-12, soluble IL-2 recep-
tor, IL-8, IL-1RA, BAFF, CXCL13, IFN-alpha, and sol-
uble CD14, and a trend in elevation of IFN-gamma in
AHI (Fig. 1la-l). Notably, the kinetics of the markers
during untreated infection differed between cytokines.
MCP-1, IL-8, IFN-gamma, IL-1RA, and IFN-alpha had
the fastest kinetics with a peak in the hyperacute phase
and complete resolution after peak viremia (24—32 days
after the detection of viremia) (Fig. 1c, f-h, 1). Soluble
CD14 had fast surge kinetics, but a complete resolution
was only observed at the early chronic phase (238-263
days after the detection of viremia) (Fig. 1k). IP-10 and
BAFF also displayed fast upward surge kinetics with a
peak in the hyperacute phase (4—11 days after the detec-
tion of viremia) but only partial resolution after peak
viremia (24-32 days after the detection of viremia) and
later time points (Fig. la, i). On the other hand, MIG
and IL-12 had slower kinetics with a peak after peak
viremia (24-32days after the detection of viremia)
followed by partial resolution at the early chronic phase
(238-263 days after the detection of viremia) (Fig. 1b, d).
Soluble IL-2 receptor and CXCL13 had the slowest kin-
etics and did not show resolution even after peak
viremia (Fig. le, j). Except for soluble CD14, there were
no statistically significant elevations in plasma analytes
among the early-treated participants, but we observed a
non-significant trend when we compared CXCL13 levels
pre-infection and at the early chronic phase (77-95 days
after the detection of viremia) (P =0.06). Thus, treating
patients at Fiebig stages I-II abrogates the cytokine
storm (Fig. 1la-1).

Since inflammatory cytokines tend to be induced via
related/overlapping pathways, we assessed whether there
were statistical associations among the cytokines that
were induced during hyperacute HIV infection. In cor-
relation analyses on all individuals, there were significant
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Table 1 Characteristics of study participants for whom cytokines were measured

Acute untreated Acute treated P value®
Number of participants 12 8
Female, N (%) 12 (100%) 8 (100%) >0.999
Age in years 21 (21-24) 22 (20-23) 0917
Fiebig stages |-l at diagnosis, N (%)? 11 (92%) 8 (100%) >0.999
Fiebig stages |-Il at ART initiation, N (%) N/A 8 (100%) N/A
Days from detection to ART initiation and range N/A 1(1-2) N/A
Nadir CD4" T cell counts® (cells/pL) 329 (233-458) 840 (623-1008) < 0.001
Peak viral load (logjo RNA copies/mL) 7.08 (6.93-7.75) 4.26 (3.45-5.13) <0.001
Days from detection to viral suppression and range N/A 23 (7-63) N/A
Set point CD4" T cell counts (cells/ulL)" 583 (555-630) N/A N/A
Set point viral load (log;o RNA copies/mL) 4.74 (4.11-5.36) N/A N/A

Medians and interquartile ranges (in brackets) are shown for CD4" T cell count and viral load measurements. Medians and ranges (in brackets) are shown for the

number of days
N/A not applicable

?One participant in the acute untreated group was diagnosed at Fiebig stage Ill, but her viremia was still on an upward trajectory. At the time of diagnosis, her
viral load was 5.94 log;o RNA copies/mL which rose to 6.51 log;o RNA copies/mL at the next study visit

PNadir CD4" T cell counts were determined as nadir during the first 28 days after the detection of plasma viremia

Set point CD4" T cell counts and set point viral loads were determined by calculating the averages between 28 days and 6 months after the detection of viremia

in untreated individuals

dStatistical tests used: Fisher's exact test was used for % female and Fiebig stage at diagnosis; all other comparisons were done using the Wilcoxon rank-sum test

positive correlations among many of the cytokines at dif-
ferent time points, confirming related/overlapping path-
ways (Fig. 2a). To summarize the dynamics of the
cytokine responses, we conducted principal component
analyses (PCA) on the cytokines and assessed the vari-
ation over time. Among untreated participants, pre-
infection samples had the least variation, as depicted in
the plots of the first and second principal components
(i.e., PC1 and PC2). The highest variation was observed
during the hyperacute phase, as depicted by the high dis-
persion (Fig. 2b). There were no differences in principal
component scores between different time points in the
early-treated participants, confirming that the cytokine
profiles are relatively stable if patients are treated at Fie-
big stages I-1I (Fig. 2c).

CXCL13 is positively associated with delayed suppression
of viremia in early-treated individuals

Since control of viremia by ART largely abrogated the
cytokine storm in the early-treated individuals, sug-
gesting a role for persistent viremia in maintaining
plasma cytokine levels, we checked if the duration to
viral load suppression was associated with cytokine
levels at early chronic time points (77-95days for
CXCL13 and BAFF or 238-263 days for the other cy-
tokines) in the eight early-treated individuals. The
median number of days to viral suppression was 23
(range 7-63 days) (Fig. 3a). Notably, there were posi-
tive correlations between the number of days to viral
suppression and the viral loads at the time of initi-
ation of ART (rho=0.81, P=0.015) (Fig. 3b). We

observed positive correlations between days to viral sup-
pression and plasma levels of CXCL13 at the early chronic
phase (rho = 0.83, P = 0.042) (Fig. 3c). The plasma levels of
CXCL13 at the early chronic stage were also positively
correlated with the viral loads at the time of initiation
ART (rho =0.94, P =0.005) (Fig. 3d), probably due to the
positive association between viral loads at the time of initi-
ation ART and the number of days to viral suppression.
None of the other cytokine measurements at the early
chronic phase correlated with the number of days to viral
suppression. Thus, delayed suppression of viremia in
early-treated individuals is associated with higher levels of
plasma CXCL13 even after the suppression of viremia in
the blood.

HIV Gag-protease-driven replicative capacity is associated
with the magnitude of inflammatory cytokines/
chemokines in untreated hyperacute HIV infection

Since the hyperacute measurements best captured the
highest variability in cytokine expression in untreated
acute HIV infection, subsequent analyses for the rela-
tionships between cytokines and other parameters in un-
treated participants were performed using the cytokine
responses during that phase.

Viral fitness has been proposed to determine the mag-
nitude of the inflammatory response in early HIV infec-
tion [31]. Here, we assessed the correlation between the
in vitro Gag-protease-driven replicative capacities of the
transmitted/founder viruses with the levels of the hyper-
acute phase cytokines, viral loads, and CD4" T cell
counts in untreated acute HIV infection.
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As expected, the transmitted/founder viruses among un-
treated participants differed among individuals with re-
gard to Gag-protease-driven replicative capacities (Fig. 4a)
and nucleotide sequences (Supplementary figure 2A-B)
[29, 32]. Notably, most of the transmitted/founder viruses
had attenuating polymorphisms that have been previously
shown to reduce Gag-protease-driven replicative capacity
[32]. Interestingly, we observed a trend of an inverse cor-
relation between the total numbers of attenuating poly-
morphisms and Gag-protease-driven replicative capacities
(rho =-0.56, P=0.067) (Supplementary figures 2C). We
next investigated whether there were correlations between
Gag-protease-driven replication capacities and cytokine
levels in the untreated acutely infected individuals. Indeed,

there was a strong positive correlation between Gag-
protease-driven viral replicative capacity and IP-10 in the
hyperacute phase (rho=0.84, P<0.001) and peak IFN-
alpha (rho=0.59, P=0.045) (Fig. 4b, c). We also ob-
served inverse correlations between Gag-protease-
driven viral replicative capacity and nadir CD4" T cell
counts (rho=-0.58, P=0.048) (Fig. 4d). There were
no correlations between Gag-protease-driven viral
replicative capacity and peak viremia (Fig. 4e). In fur-
ther multivariable linear regression analyses to deter-
mine the predictive effect of viral replicative capacity
independent of viremia, the positive association be-
tween viral replicative capacities and levels of IP-10
during the hyperacute phase was observed even after
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adjusting for peak viremia. A similar but non-
significant trend was observed between replicative
capacities and levels of peak IFN-alpha in multivari-
able linear regression analyses after adjusting for peak
viremia (Table 2). Thus, viruses with higher replica-
tion capacities induced a stronger IP-10 inflammatory
response, independent of peak viremia.

Levels of plasma cytokines/chemokines are associated
with CD4* T cell and viral load dynamics in untreated
hyperacute HIV infection

The inflammatory cytokine responses in untreated early
HIV could impact parameters such as peak viremia, set
point viral loads, nadir CD4" T cell counts, set point
CD4" T cell counts, and consequently disease progression.
Among the untreated individuals, even though we did not
observe an association between the nadir CD4" T cell
counts and the peak viremia, there was a notable inverse

correlation between the set point viral loads and the set
point CD4" T cell counts (Supplementary figure 3A-B). In
further correlation analyses using hyperacute plasma cyto-
kines/chemokines in these untreated individuals, peak
IFN-alpha showed a positive correlation with peak viremia
(rho = 0.63, P=0.030) (Fig. 5a). Soluble IL-2 receptor dur-
ing the hyperacute phase (4—11 days) also correlated posi-
tively with peak viremia (rho=0.67, P=0.017) (Fig. 5b).
These correlations of IFN-alpha and soluble IL-2 receptor
against peak viremia suggest enhancement of viral replica-
tion by the inflammatory response, or conversely, higher
viremia could be the driver of the observed inflammatory
responses. IL-1RA at the peak acute stage correlated nega-
tively with the later set point viral load in the early chronic
phase (rho=-0.77, P=0.004), suggesting that its anti-
inflammatory effects during untreated AHI could be asso-
ciated with maintenance of useful immune responses that
control viral replication later. CXCL13 had an inverse
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correlation with nadir CD4" T cell counts, probably due
to enhanced trafficking of CD4" T cells away from the
blood into lymphoid tissues and sites of inflammation
(rho=-0.66, P=0.038) (Fig. 5d). Soluble IL-2 receptor
correlated inversely with nadir CD4" T cell counts (rho =
-0.62, P=0.031) (Fig. 5e), suggesting a negative impact of
inflammation by enhancing CD4" T cell depletion, prob-
ably due to the enhanced viral replication, similar to previ-
ous reports [31]. In agreement with the inverse correlation
between IL-1RA and set point viral load, there was a not-
able positive correlation between the analyte and set point
CD4" T cell counts (rho = 0.67, P =0.017) (Fig. 51).

Acute HIV infection induces expansion of monocytes and
depletion of lymphocytes, eosinophils, and basophils in
the blood

CBC measurements were obtained prior to infection and
at the first sampling visit after the detection of plasma
viremia (before any participant was initiated on ART) in
all participants. As such, all CBC determinations in the
entire FRESH cohort were in the absence of ART and
were therefore used to assess the earliest effects of un-
treated hyperacute HIV infection. To determine the kin-
etics of the respective immune cells in hyperacute HIV
infection, we stratified the participants further according
to the Fiebig stage at diagnosis, which was also the

Fiebig stage at which post-infection CBC measurements
were determined. For comparison, we used CBC data for
viremic chronically infected HIV patients from a differ-
ent cohort in the analyses (Table 3).

The effects of hyperacute HIV on different compart-
ments of immune cells differed in their directionality
and kinetics. Untreated Fiebig stages I-1I AHI was asso-
ciated with an expansion in the absolute numbers of
blood monocytes (P < 0.001). Interestingly, blood mono-
cyte numbers in Fiebig stages III-V and chronically in-
fected HIV patients were comparable to the pre-
infection values, suggesting that the expansion of mono-
cytes in acute HIV is transient and resolves as patients
progress beyond Fiebig stages I-II (Fig. 6a). We ob-
served a reduction of absolute numbers of blood lym-
phocytes in untreated Fiebig stages I-II AHI (P =0.011),
probably due to the depletion of CD4" T cells, natural
killer cells, and B cells as previously reported [14, 15].
There were no significant differences between pre-
infection FRESH participants and chronic patients with
regard to total lymphocytes, probably due to the partial
recovery of CD4" T cell counts and expansion of acti-
vated CD8 T cells as the infection progresses (Fig. 6b).
Untreated acute HIV was also associated with a progres-
sive reduction in absolute numbers of blood eosinophils
at Fiebig stages I-II and III-V (P =0.003 and P < 0.001,
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respectively). However, there were no differences in
numbers of blood eosinophils between chronically in-
fected participants and pre-infection time points, sug-
gesting recovery as patients moved into the chronic
phase of infection (Fig. 6¢). There was a reduction in ab-
solute numbers of blood basophils in patients who were
diagnosed at Fiebig stages III-V (P =0.007). Similar to

the eosinophils, the numbers of basophils in chronically
infected participants were comparable to those at pre-
infection time points, suggesting recovery in chronic in-
fection (Fig. 6d). We did not observe any significant
changes in numbers of blood neutrophils when we com-
pared post-infection time points with the pre-infection
time point. However, comparisons between Fiebig stages

Table 2 Linear regression analyses to determine the prediction of inflammatory cytokines and CD4" T cell counts by Gag-protease-

driven viral replicative capacity

Predictor variable

Outcome variable

Univariable analyses

Multivariable analyses

Coefficient (95% Cl) P value Coefficient (95% Cl) P value
IP-10 at 1 week (log;o pg/mL)* Replicative capacity 141 (0.13-2.69) 0.034 1.61 (0.28-2.95) 0.023
Peak viral load® —0.04 (—0.38-0.29) 0.777 —0.14 (- 042-0.13) 0.274
Peak IFN-alpha (logo pg/mL) ¢ Replicative capacity 332 (0.12-6.53) 0.044 2.70 (- 0.52-5.93) 0.091
Peak viral load® 0.60 (= 0.11-1.31) 0.088 043 (—0.24-1.10) 0.176
Nadir CD4" T cell counts (cells/uL) Replicative capacity — 48367 (—1013.23-45.88) 0.069 —396.22 (—945.81-153.37) 0137
Peak viral load® —85.69 (—201-30.15) 0.130 — 6141 (- 17542-52.60) 0254

Significant associations and non-significant trends are shown in bold
Number of participants in the analyses (N), 12

#Plasma cytokine levels were log;o-transformed to attain normal distribution
bPeak viral load was expressed in log;o RNA copies/mL
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I-1I and later stages suggested a depletion of neutrophils
with disease progression at Fiebig stages III-V (P =
0.035) and chronic infection (P=0.045) (Fig. 6e). We
did not observe changes in the absolute numbers of
red blood cells and platelets (Fig. 6f, g). All these
trends remained similar when we assessed the differ-
ences using the percentages of the immune -cells
(Supplementary figure 4A-E). Considering that our
measurements were only done at the earliest sampling
time point, which was also before the initiation of
ART, we did not explore the possible HIV-induced
changes in cellular populations at subsequent time

points in untreated acute HIV infection and the ef-
fects of early ART.

Plasma cytokines/chemokines are associated with

reduced blood counts of lymphocytes, eosinophils, and
basophils in untreated acutely HIV-infected patients

Both myeloid and lymphoid blood cells have been impli-
cated in the secretion of inflammatory cytokines/chemo-
kines in HIV. HIV-induced cytokines/chemokines could
also in turn modulate the generation, maintenance, and
trafficking of the different lineages of blood cells. We
therefore assessed if there were statistically significant

Table 3 Characteristics of participants involved in the determination of complete blood counts at initial detection of viremia

Pre-infection Fiebig stages Fiebig stages Chronic P value®
i =V Fiebig stages I-Il  Fiebig stages -V Chronic
Number of participants 70 60 15 33 N/A N/A N/A
Female, N (%) 70 (100%) 60 (100%) 15 (100%) 32 (97%) 1.000 1.000 0.143
Age in years 21.1(19.8-22.1) 212 (19.9-225) 225 (208-237) 229 (214-243) 0508 0.039 <0.001
Viral load (log10 copies/mL)  N/A 4.20 (3.50-4.92) 6.26 (4.88-720) 360 (3.04-4.31) N/A N/A N/A
CD4* T cell counts (cells/ul) 891 (751-1047) 763 (538-911) 444 (367-553) 599 (470-756) <0.001 <0.001 <0.001

Values for age, viral load, and CD4" T cell counts are medians and interquartile ranges
Statistical test used: Wilcoxon rank-sum test (Mann-Whitney U test) was used to compare the differences in age and CD4+ T cell counts between pre-infection
and post-infection time points. Chi-square test was used to assess the differences in gender distribution
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associations between the immune cells and plasma cyto-
kines/chemokines during the hyperacute phase in the
untreated participants.

There were no associations between the hyperacute
cytokine/chemokine measurements and monocyte
counts in untreated acute HIV infection. However,
there were notable inverse correlations between the
chemokines CXCL13 and total lymphocytes (rho = -
0.81, P=0.005) (Fig. 7a), CXCL13 and eosinophils
(rho=-0.89, P<0.001) (Fig. 7b), CXCL13 and baso-
phils (rho=-0.87, P=0.001) (Fig. 7c), MIG and lym-
phocytes (rho =-0.59, P=0.042) (Fig. 7d), MIG and
eosinophils (rho=-0.79, P=0.002) (Fig. 7e), and
MIG and basophils (rho=-0.63, P=0.029) (Fig. 7f).
Notably, there were no significant associations be-
tween peak viremia and any of the immune cells.
However, since viremia would be expected to contrib-
ute to the dysregulation of the immune cells in AHI,
we conducted additional multivariable linear regres-
sion analyses to assess the predictive effect of the cy-
tokines on the immune cells after adjusting for peak
viremia. The associations between CXCL13 and total
lymphocytes, CXCL13 and eosinophils, and MIG and
eosinophils were maintained even after adjusting for
peak viremia (Supplementary table 1). Considering

that CXCL13 and MIG are chemokines that mediate
trafficking of immune cells away from the blood into
the lymphoid tissues and sites of inflammation, our
observations suggest chemokine-mediated sequestra-
tion of lymphocytes, eosinophils, and basophils in tis-
sues. We also observed an inverse correlation
between soluble IL-2 receptor and lymphocytes
(rho=-0.63, P=0.028) (Fig. 7g), a non-significant
trend of an inverse correlation between soluble IL-2
receptor and eosinophils (rho=-0.55 P =0.063)
(Fig. 6h), and an inverse correlation between soluble
IL-2 receptor and basophils (rho=-0.58, P =0.048)
(Fig. 7i). In multivariable linear regression analyses,
we observed a non-significant trend of negative pre-
diction of lymphocytes by soluble IL-2 receptor after
adjusting for peak viremia (Supplementary table 1).
Even though we did not observe significant changes
in platelets in hyperacute HIV infection, there was a
positive correlation between post-infection platelet
counts and interferon gamma during the hyperacute
phase (rho=0.62, P=0.024) (Supplementary figure
5A). Likewise, even though there were no significant
changes in neutrophils when we compared the pre-
infection time point to AHI time points, we observed
positive correlations between hyperacute neutrophil
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counts and IP-10 (rho=0.74, P=0.006) (Supplemen-
tary figure 5B), neutrophils and IL-8 (rho=0.58, P =
0.048) (Supplementary figure 5C), and neutrophils
and BAFF (rho=0.67, P=0.033) (Supplementary fig-
ure 5D), suggesting that neutrophils could be secret-
ing some of the cytokines.

Acute HIV infection induces a complex network of
associations between cytokines, immune cells, clinical
parameters, and viral replication capacity

Untreated AHI was associated with complex relation-
ships between plasma cytokines, immune cell dynamics,
viral load dynamics, and viral replicative capacities
(Fig. 8). The inverse correlations of CXCL13 with eosin-
ophils, basophils, lymphocytes, and nadir CD4" T cells
were particularly interesting and suggested a role for
CXCL13 in the sequestration of the immune cells in tis-
sues during AHI. We observed similar associations with
MIG, another chemokine that mediates trafficking to

inflamed tissues, and soluble IL-2 receptor, a marker of
inflammation. We also observed some positive associa-
tions among some of the cytokines, suggesting overlap-
ping pathways leading to their induction. There were
some positive associations among the immune cells,
such as the positive correlations between lymphocytes,
eosinophils, and basophils, suggesting common drivers
of the depletions of those immune cells in AHI. Viral
replication capacity correlated positively with IP-10 and
IFN-alpha, and inversely with nadir CD4" T cell counts,
indicating the contribution of viral virulence on im-
munological deterioration and inflammation in AHL
Positive correlations of neutrophils against IL-8, BAFF,
and IP-10 indicated a possibility of neutrophils being a
source of some of the cytokines in AHIL

Discussion
In this study, we assessed the magnitude and nature of
the cytokine storm in untreated and early-treated
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(N=12 except CXCL13 and BAFF with N =10)

hyperacute HIV-1 subtype C infection and determined
the cytokine associations with viral and immunological
profiles. In agreement with previous reports from set-
tings where other HIV-1 subtypes dominate, we ob-
served a cytokine/inflammatory storm [1, 7]. In
particular, we observed an elevation of IP-10, MIG, IFN-
gamma, I[FN-alpha, MCP-1, IL-12, soluble IL-2 receptor,
IL-1RA, IL-8, BAFF, CXCL13, and soluble CD14 in un-
treated individuals. In contrast, only plasma soluble
CD14 was significantly elevated in the early-treated
participants. Notably, the cytokines differed in their
plasma kinetics, possibly because of the differences in
activation kinetics of secreting cells, variations in
transcriptional control, and/or differences in half-lives
of the cytokines. We also report previously unde-
scribed depletion of eosinophils, depletion of baso-
phils, and a transient expansion of monocytes in AHI,
thus providing new insights on the pathogenesis of
AHI. AHI was also associated with a modest deple-
tion of lymphocytes, probably due to the depletions
of CD4" T cells, natural killer cells, and B cells that
have been reported previously [14, 15]. Thus, our
study in young women who are infected with HIV-1
subtype C supports the concept of the cytokine/in-
flammatory storm in untreated AHI that has been

observed in other cohorts. However, we could not do
direct comparisons for intersubtype cytokine storm
differences because our cohort was exclusively in-
fected with only subtype C, and comparison with
other cohorts would be confounded by sex, age, eth-
nic background, and methodological approaches for
measuring cytokines/chemokines.

HIV-induced inflammation has been shown to affect a
wide range of cellular compartments and tissues. For ex-
ample, the elevated risks of developing cardiovascular
complications and kidney disease in HIV patients have
been linked to the HIV-induced inflammatory response in
both untreated and ART-treated HIV patients [20-22, 33,
34]. Furthermore, the inflammatory response contrib-
utes to immune deterioration by mediating CD4" T
cell depletion and enhancing viral transcription [17-
19]. HIV virulence and viral load dynamics have in
turn been implicated in modulating the magnitudes
and kinetics of inflammatory cytokines [7, 31]. In
addition, some cellular compartments have been
shown to be sources or targets of the HIV-induced
cytokines [35-37]. By assessing the relationship be-
tween the cytokines during untreated hyperacute HIV
infection and viral fitness, viral load dynamics, CD4"
T cell dynamics, and immune cell dynamics, we shed
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light on the effects of the cytokine storm on various
cells and/or tissues.

Our observation on plasma soluble CD14 was unex-
pected in that in the untreated individuals, there was
a surge in plasma soluble CD14 at the peak acute
stage, followed by a spontaneous resolution in the
early chronic stage. On the other hand, the early-
treated participants had a modest but sustained eleva-
tion of the analyte. A similarly unexpected effect of
ART on plasma soluble CD14 has been reported in
chronically infected individuals whereby patients with
high CD4" T cell counts experienced further elevation
of soluble CD14 upon treatment, unlike patients with
low CD4 counts who experienced a reduction of the
analyte [38]. Thus, the biology of soluble CD14 could
be complicated by interactions between the inflamma-
tory response, disease progression, and overall im-
mune status. The trends observed in our study need
further mechanistic investigations.

We also observed interesting correlations between
CXCL13 levels at late time points and durations to viral
suppression in early-treated individuals. Plasma CXCL13
has been reported to be a marker of germinal center ac-
tivity and predicts the development of cross-reactive
anti-HIV-neutralizing antibodies [6, 39]. On the other
hand, viral replication, even in ART-treated individuals,
has been shown to majorly occur in follicular helper T
cells in germinal centers [40, 41]. Considering that oc-
cult viral replication could persist in B cell follicles of
early-treated individuals, especially in those who take
long to attain viral suppression in the blood, plasma
CXCL13 after viral suppression could be a marker of
continued germinal center activity that maintains the
viral replication in lymphoid tissues of treated patients, a
phenomenon that needs further investigation.

In agreement with a previous study that reported a re-
lationship between viral replicative fitness and the mag-
nitude of the inflammatory response in untreated AHI,
we observed positive correlations between Gag-protease-
driven replicative capacity and the cytokines IP-10 and
IFN-alpha [31]. Other studies have reported faster CD4"
T cell decline in patients who are infected with faster-
replicating viruses, an effect that could be driven by the
strong inflammatory response induced by the fitter vi-
ruses [31, 32]. Thus, modulating inflammatory cytokines
could reduce CD4" T cell depletion in AHI with possible
benefits as the patients progress into the chronic phase.

In the assessment of the relationships between cyto-
kines and immune cell compartments in untreated indi-
viduals, the chemokine CXCL13 correlated inversely
with lymphocytes, eosinophils, and basophils, suggesting
chemokine-induced sequestration of the cells in tissues.
CXCL13 is associated with the trafficking of cells into B
cell follicles [6, 39]. Lymphocytes such as B cells and
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follicular T cells express CXCR5, the receptor for
CXCL13, and HIV could mediate their sequestration in
the lymph nodes via the release of CXCL13 [6, 39]. In-
deed, AHI is associated with lymphadenopathy due to
the accumulation of lymphocytes in the lymph nodes
[42]. Even though the inverse correlations between
CXCL13 and eosinophils and basophils were surprising,
tissue eosinophils have been shown to produce CXCL13
or induce its expression in macrophages during inflam-
mation in mice [43, 44], suggesting that the sequestra-
tion of eosinophils in tissues could promote the
production of CXCL13 in tissue macrophages during hy-
peracute HIV infection. It will be important to deter-
mine if HIV also induces CXCR5 expression in
eosinophils and basophils to render them responsive to
CXCL13, leading to trafficking away from the blood
compartment. The observations of similar inverse corre-
lations between the chemokine MIG/CXCL9 and eosin-
ophils, basophils, and lymphocytes suggest that the
trafficking of these cells into inflamed tissues could also
occur as a result of signaling via CXCR3, the chemokine
receptor for MIG/CXCL9. The expression of CXCR3
has been described in lymphocytes and eosinophils, but
further studies are needed to determine the occurrence
and immunological implications of any CXCR3-
dependent trafficking of these cells in hyperacute HIV
infections [45]. The inverse correlation of lymphocytes,
eosinophils, and basophils with soluble IL-2 receptor
also suggests possible depletion due to the generalized
inflammatory response. Increased HIV-induced death of
lymphocytes by apoptosis and pyroptosis has been re-
ported previously [46-48]. As such, HIV-induced in-
creased cell death of eosinophils and basophils in
hyperacute HIV infection cannot be ruled out. Consider-
ing that very little is known on the role of eosinophils
and basophils in HIV pathogenesis, further mechanistic
studies could reveal novel targets for intervention in
treatment strategies to improve the quality of life of
HIV-infected persons. For instance, eosinophils have
been shown to promote IgA responses in the gut in a
mouse model [49]. Considering that IgA responses were
associated with reduced antibody-mediated protection in
the RV144 vaccine trial, it will be important to deter-
mine if eosinophils home to the gut to promote unfavor-
able IgA responses in AHI [50].

We observed positive correlations between neutro-
phil counts and some of the cytokines, namely IP-10,
IL-8, and BAFF, suggesting that neutrophils could sig-
nificantly contribute to the cytokine storm. Neutro-
phils are the most abundant immune cells in the
blood and can secrete these cytokines in inflammatory
conditions [51]. Due to their large numbers, even
subtle changes that do not translate to statistically
significant quantitative differences in neutrophils, as
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well as hidden qualitative changes, could significantly
impact the cytokine environment in hyperacute HIV.
Additional mechanistic studies are needed to
characterize the role of neutrophils in acute HIV.

The longitudinal nature of this study, with sampling
performed prior to and at regular intervals immediately
following HIV infection, enabled us to reliably determine
the temporal changes and effects of plasma cytokines/
chemokines during untreated and early-treated hyper-
acute HIV infection. Due to this multidimensional ap-
proach, we also provide a comprehensive picture of the
associations that define AHI with regard to cytokine
levels, viral load, CD4" T cells, and immune cell parame-
ters. The logistical difficulties of obtaining appropriate
samples could explain the paucity of similar studies on
hyperacute HIV-infected patients. The main limitation
of the study is the fact that we had few participants for
the cytokine measurements and our study might have
been underpowered to detect some changes and associa-
tions. In addition, even though we observed depletions
of lymphocytes, eosinophils, and basophils during hyper-
acute HIV infection before ART, we did not have CBC
measurements after the initiation of ART in the early-
treated individuals. Thus, we could not determine if
those cellular defects persisted or were reversed by early
ART. Nevertheless, we reveal several novel pathways
that need further investigations to determine the conse-
quences of the HIV-induced immune changes in the
acute phase of infection.

Conclusions

Untreated AHI caused a cytokine storm, depletion of
lymphocytes, depletion of eosinophils, depletion of baso-
phils, and a transient increase of monocytes in the per-
ipheral blood. The Gag-protease-driven replicative
capacity of HIV-1 was positively associated with the
magnitude of some of the cytokines that constitute the
cytokine storm, especially IP-10, suggesting a role for
viral virulence in driving the inflammatory response.
Chemokines CXCL13 and MIG were inversely associ-
ated with numbers of lymphocytes, eosinophils, and ba-
sophils in the blood, suggesting a role for sequestration
of the immune cells in tissues in AHI. Thus, complex in-
teractions between plasma cytokines, immune cells, viral
factors, and clinical parameters characterize AHI.
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Additional file 2: Supplementary figure 1. Viral load and CD4™ T cell
kinetics in participants for whom cytokines were measured. A. Viral loads
kinetics in untreated participants (N =12). B. Viral load kinetics in ART
early-treated participants (N =8). C. CD4" T cell kinetics in untreated par-
ticipants (N=12). D. CD4™ T cell kinetics in ART early-treated participants
(N = 8). Each line represents an individual participant. Arrows indicate
time points that were used for determination of plasma cytokines by
Luminex.

Additional file 3: Supplementary figure 2. Presence of attenuating
polymorphisms predicts replication capacity of transmitted/founder
viruses. A. Similarity of transmitted/founder viruses to the consensus
sequence. B. Phylogenetic tree of the transmitted/founder viruses. Viruses
with high replication capacity (above the median value) are shown in
red. C. Correlation between the number of attenuating polymorphisms
and replication capacity. Statistical test: Spearman’s rank-order correlation.
P values < 0.05 were considered significant.

Additional file 4: Supplementary figure 3. Set point viral loads are
inversely associated with set point CD4" T cell counts in untreated
individuals. A. Correlation between peak viral loads and nadir CD4™ T cell
counts. B. Correlation between set point viral loads and set point CD4* T
cell counts. Every symbol represents a participant (N = 12). Statistical test:
Spearman’s rank-order correlation. P values < 0.05 were considered
significant.

Additional file 5: Supplementary figure 4. Hyperacute HIV infection is
associated with dysregulation of proportions of blood lymphoid and
myeloid cells. A. Monocytes percentages. B. Total lymphocytes
percentages. C. Eosinophils percentages. D. Basophils percentages. E.
Neutrophils percentages. For all cellular components, measurements
before HIV infection (blue symbols, N=70), in AHI at Fiebig stage I-II (red
symbols, N=60) and in AHI at Fiebig stage Ill-V (purple symbols, N = 15)
from the FRESH acute infection cohort are shown. Measurements from a
different chronic cohort (brown symbols, N = 33) are included for com-
parison purposes. Each symbol represents an individual participant. Hori-
zontal lines and error bars in scatter plots represent median and
interquartile range. Statistical tests used: Wilcoxon rank-sum test (Mann-
Whitney U test). P values < 0.05 were considered significant.

Additional file 6: Supplementary figure 5. Hyperacute plasma cytokines/
chemokines are associated with hematological dysregulations. A.
Correlation between interferon gamma and platelets. B. Correlation
between [P-10/CXCL10 and neutrophils. C. Correlation between IL-8 and
neutrophils. D, Correlation between BAFF and neutrophils. The measure-
ments of cytokines and blood cells counts were in the hyperacute phase
of HIV infection. Every symbol represents a participant (N =12 except
BAFF with N = 10). Statistical test: Spearman’s rank-order correlation. P
values < 0.05 were considered significant.
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