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Primary HIV-1 infection can be classified into six Fiebig stages based on virological and serological laboratory testing, whereas
simian-HIV (SHIV) infection in nonhuman primates (NHPs) is defined in time post-infection, making it difficult to extrapolate
NHP experiments to the clinics. We identified and extensively characterized the Fiebig-equivalent stages in NHPs challenged
intrarectally or intravenously with SHIV, . . During the first month post-challenge, intrarectally challenged monkeys were

up to 1week delayed in progression through stages. However, regardless of the challenge route, stages I-1l predominated
before, and stages V-VI predominated after, peak viremia. Decrease in lymph node (LN) CD4* T cell frequency and rise in CD8*
T cells occurred at stage V. LN virus-specific CD8* T cell responses, dominated by degranulation and TNF, were first detected

at stage V and increased at stage VI. A similar late elevation in follicular CXCR5* CD8* T cells occurred, consistent with higher
plasma CXCL13 levels at these stages. LN SHIV, . .- RNA* cells were present at stage Il, but appeared to decline at stage VI
when virions accumulated in follicles. Fiebig-equivalent staging of SHIV infection revealed concordance of immunological

AD8-E0
events between intrarectal and intravenous infection despite different infection progressions, and can inform comparisons of

NHP studies with clinical data.

Introduction

Early diagnosis of HIV-1infection is crucial to interrupt viral trans-
mission networks and initiate treatment in the earliest stages of
infection. These early interventions may in turn reduce plasma
viremia and set-point viral loads, slow down CD4* T cell depletion,
improve HIV-specific T cell functions, and decrease the size of the
latent reservoir (1, 2). Early diagnosis requires methods adapted to
detect hallmarks of acute and early HIV-1 infection, as well as an
adequate staging system that reflects the initial evolution of the
infection and that may inform the course of disease.

Fiebig et al. (3) were the first to stage primary HIV-1 infection
based on laboratory assays conducted in 435 plasma samples from
51 seroconverting donors. In that study, the authors defined 6
stages of primary HIV-1 infection, each of them characterized by a
unique pattern of detection of different viral markers: HIV-1 RNA
measured by quantitative PCR, HIV-1 p24 antigen measured by
ELISA, and HIV antibodies measured by either third-generation
IgM-sensitive ELISA or Western blot (3). Altogether, the plasma
donors in that study transitioned from stage I (only HIV-1 RNA
positive) to stage II (only HIV-1 RNA and p24 antigen positive),
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stage III (HIV RNA, p24 antigen, and HIV antibody ELISA posi-
tive, but Western blot negative), stage IV (HIV antibody ELISA
positive but indeterminate Western blot), stage V (Western blot
positive without p31 band), and stage VI (Western blot positive
with p31 band) (3). This staging system has been widely used to
stratify patient cohorts, meaningfully compare pathogenesis and
clinical data, validate mathematic models of viral evolution, and
assess the influence of early treatment interventions (4-12).

Nonhuman primate (NHP) models are a powerful resource
to develop and test vaccine platforms as well as therapeutic
strategies aimed at functional cure or eradication of HIV-1infec-
tion (13). However, in contrast to HIV-1 infection, the progres-
sion of simian-HIV (SHIV) infection and timing of interventions
being tested are usually indicated in time post-infection (14-22),
making it a challenge to accurately extrapolate such strategies to
human clinical settings. Given that the Fiebig stages are widely
used to classify acute and early HIV-1 infection in humans, the
mapping of equivalent stages in NHPs would thus be important
for the extrapolation of therapeutic approaches from NHP mod-
els to HIV-infected humans.

In this study, we used virological and serological testing
to identify the Fiebig-equivalent stages of infection in rhesus
macaques challenged with SHIV, via the intrarectal or intra-
venous route, and performed extensive immunological character-
ization of the different Fiebig-equivalent stages. Despite different
kinetics of infection progression in intrarectally and intravenously
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Figure 1. Study design and kinetics of SHIV
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orintravenously (n = 6) with 1000 or 100 TCID, of SHIV

AD8-EQ’

infection in rhesus macaques. (A) Twelve rhesus macaques were challenged either intrarectally (n = 6)
respectively, and sampled at different time points during the course of the infection. The

orange arrow indicates challenge with SHIV, ., and the red and blue squares indicate time points of blood sampling and LN collection, respectively. (B)

Plasma viral load up to 20 weeks post-challenge in the monkeys challenged with SHIV
plasma virus (left) and to peak plasma viremia (right) upon i.r. or i.v. challenge with SHIV

after SHIV

AD8-EQ

via the i.r. (left) or i.v. (right) route. (C) Time to first detectable
D and E) Plasma viral load throughout the first 20 weeks

AD8-EO

AD8-EQ" (

challenge as determined by area under the curve (AUC) analysis (D), and at the peak time point (left) and 20 weeks post-challenge (right)

(E). Bar graphs show the mean + SEM and individual data points (C-E). The Mann-Whitney test was used to detect significant differences between each 2
groups with unpaired samples (C-E). *P < 0.05; **P < 0.01. i.r., intrarectal; i.v., intravenous; NHP, nonhuman primate; pc, post-challenge.

SHIV, . .,-challenged monkeys, systemic immunological events
such as the development of simian immunodeficiency virus-
specific (SIV-specific) CD8" T cell responses and detection of
virus-producing cells and virions in the lymph nodes (LNs) were
concordant between the challenge groups when evaluated by

Fiebig-equivalent staging.

Results

The rate and kinetics of SHIV, . . infection varied with the challenge
route. To map and characterize the Fiebig-equivalent stages of
SHIV, . ., infection, Indian-origin rhesus macaques were inoc-
ulated either intrarectally (n = 6) or intravenously (n = 6) with
SHIV, . . at previously reported challenge doses: 1000 and 100
median tissue culture infective doses (TCID,) of SHIV, ...
respectively (17, 23). Peripheral blood samples and LN biopsies
were collected at different time points throughout the first 5 months
post-challenge (Figure 1A). As each animal could only be biopsied
up to 4 times, each subgroup of 3 animals followed a different LN
biopsy schedule (Figure 1A) in order to maximize the number of

samples obtained in the early stages of infection.

We initially compared the intrarectal (i.r.) and intravenous
(i.v.) challenge routes in terms of infection rate and kinetics.
Plasma virus was detected in 5 of 6 intrarectally challenged
monkeys, whereas all 6 intravenously challenged monkeys
became infected (Figure 1B). Long-term follow-up of monkey
DG81 did not reveal any plasma virus up to 39 weeks post-
challenge, which suggests that this monkey never became
infected. Plasma virus was first detected 7-14 days post-
challenge in the intrarectally challenged monkeys, and signifi-
cantly earlier at 3 days post-challenge in all intravenously chal-
lenged monkeys (P = 0.002; Figure 1C, left). Furthermore, the
time to reach peak plasma viral load was significantly longer in
the monkeys challenged via the i.r. route compared with the i.v.
route (ranges 17-28 days vs. 14-17 days, respectively, P = 0.02;
Figure 1C, right). Despite these differences, the overall plasma
viral load as measured by area under the curve (Figure 1D) as
well as the peak and set-point viral loads (Figure 1E) did not
vary significantly with the challenge route. Overall, these data
reveal differences in the infection rate and kinetics between the
challenge groups not reflected by the plasma viral burden.
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The pattern of Fiebig-equivalent stages of SHIV, . infection
varied with the challenge route during the first 4 weeks post-challenge.
The Fiebig stages of HIV-1 infection are defined by unique pat-
terns of detection of virus RNA, p24 antigen, and HIV antibodies
by either ELISA or Western blot (3). To define the Fiebig-equiva-
lent stages of SHIV, . infection, we adapted HIV plasma tests
to SHIV (Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI151632DS1)
and performed them on plasma samples from the intrarectally
and intravenously challenged monkeys. The tests included quan-
titative reverse transcription PCR to detect plasma SIV Gag RNA
(Supplemental Figure 1A), ELISAs to detect either SIV p27 anti-
gen (Supplemental Figure 1B) or antibodies against HIV-1/HIV-2
(Supplemental Figure 1C), and Western blot assays to detect SIV

J Clin Invest. 2021;131(17):e151632 https://doi.org/10.1172/)CI151632

Gag and Pol antibodies (Supplemental Figure 2A) and HIV Env
antibodies (Supplemental Figure 2B and Supplemental Table 1).
Integration of results from these tests as previously described (3)
allowed us to map the Fiebig-equivalent stages over the course of
16-20 weeks of SHIV, | . - infection (Table 1 and Figure 2A).

At day 3 post-challenge, all intrarectally challenged monkeys
were still in the eclipse phase, whereas the intravenously chal-
lenged monkeys had already entered Fiebig-equivalent stage I
(Figure 2A). All viremic animals progressed through Fiebig-equiv-
alent stages I and II, which were more synchronized in the intra-
venously challenged monkeys (Figure 2A), consistent with less
variation in time to first detect plasma virus within this group (Fig-
ure 1C). Fiebig-equivalent stage III was detected between weeks
2 and 3 post-challenge in only 5 of the 11 viremic monkeys (Fig-
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Table 1. Laboratory assay results defining the Fiebig-equivalent stages of SHIV

infection and HIV-1 infection

infection, and duration of stages in SHIV

AD8-E0 AD8-E0

Stages Fiebig-equivalent stages of SHIV, , . infection Fiebig stages of HIV-1 infection (3)
Viral markers (laboratory assay) Individual duration in days Time to reach stages in days Duration in days (35% Cl)
(95% CI) (95% (1)
SIVGagRNA  SIVp27 antigen  HIV-1/HIV-2  SIVandHIV  irchallenge iv.challenge i challenge iv.challenge Individual Cumulative
(qRT-PCR) (ELISA) antibodies  antibodies
(IgM-sensitive (Western blots)
ELISA)
| + = = = 8(7,9) 6(57) 4(3,5) 3(2,4) 5.0(31,8.) 5.0(31,81)
Il + + - - 7(5,9) 5(4,6) 12(1,14) 9(8,10) 53(3.7,77) 10.3 (71,13.5)
1l + & & = 32(21,48)  13.5(10.0,17.0)
v & ! & I 8 2014 e LUV B 56(3.8,81)  191(153,229)
v + +/- + +8 13(8,17) 17 (10, 24) 23(20,25) 17 (15,18) 69.5(39.7,  88.6(474,129.8)
121.7)

vi + +/- + + Open-ended  Open-ended ~ 35(30,42)  34(27,41)  Open-ended Open-ended

I, indeterminate Western blot lacking reactivity to 2 of the following 3 bands: p27, gp41, g120/g160. i.r., intrarectal; i.v., intravenous. *Fiebig stage IV of HIV-1
infection is characterized by the presence or absence of HIV-1 p24 antigen (3). Of the only 2 samples in this study at Fiebig-equivalent stage IV, SIV p27 was

detected in both. BWithout p31 band. ‘With p31 band.

ure 2A). While all intrarectally challenged animals had entered
Fiebig-equivalent stage V or VI by week 4, 2 of the 6 intravenous-
ly challenged animals entered stage V as early as 17 days post-
challenge, and they were followed 4 days later by the remain-
ing animals (Figure 2A). Overall, NHPs challenged via the i.r.
route had an up to 1-week delay in progression through Fiebig-
equivalent stages during the first 4 weeks post-challenge when
compared with NHPs challenged via the i.v. route (Figure 2B). The
multistate model (MSM) estimated that the average rate of pro-
gression for early stage transitions up to Fiebig-equivalent stage
V among intravenously challenged animals was 1.3 (95% CI: 1.2,
1.7) times the rate of progression among intrarectally challenged
animals. The initial faster progression through Fiebig-equiva-
lent stages in the i.v. group is consistent with the faster kinetics
of SHIV, . infection in these animals (Figure 1C). The average
rate of progression from Fiebig-equivalent stage V to VI among
intravenously challenged animals was 0.7 (95% CI: 0.4, 1.4) times
the rate of progression among intrarectally challenged animals,
and, by week 7, all monkeys had entered Fiebig-equivalent stage
VI, independent of the challenge route (Figure 2A). In conclusion,
the pattern of Fiebig-equivalent stages of SHIV, . infection dif-
fered between the challenge groups during the first 4 weeks post-
challenge. Table 1 summarizes the expected days spent in each
stage and the expected time until each stage is reached. Nota-
bly, week 12 and week 16 post-challenge samples from aviremic
monkey DG81 gave rise to a low positive signal in the anti-HIV-1/2
antibody ELISA (Supplemental Figure 1), possibly due to matrix
effects from sample components and/or cross-reactivity between
plate-bound recombinant HIV-1/2 antigens and other antibodies
in the samples.

Combination of plasma viral load data and staging of
SHIV, . ., infection revealed that, regardless of the challenge
route, Fiebig-equivalent stages I to II predominated during the
period of time preceding peak viremia, whereas stages V and VI

predominated after peak viremia had been reached (Figure 2C).
This pattern is in agreement with the set of viral markers that
defines each stage (Table 1). Thus, despite the observed differ-
ences in stage synchronization and pace of progression between
the groups, the Fiebig-equivalent stages of SHIV, . . infection
predominating before and after peak viremia were similar in
both challenge groups.

Plasma levels of CXCLI13 increased during the course of
SHIV, ... infection. We further characterized the cytokine and
chemokine profile of Fiebig-equivalent stages of SHIV, ..
infection. Plasma samples from the intrarectally and intrave-
nously challenged monkeys from day O (pre-challenge) to week
20 post-challenge were analyzed using Luminex technology and
standard ELISA. The sample selection allowed a fair representa-
tion of all Fiebig-equivalent stages of infection (Figure 3A) except
for stage IV, which was identified in only 2 monkeys at day 17
post-challenge (Figure 2). Higher levels of the proinflammatory
cytokine IL-8 were detected in some monkeys at Fiebig-equivalent
stages Ito III (Figure 3, B and C). Moreover, the levels of IL-15 were
significantly upregulated at Fiebig-equivalent stage II when com-
pared with pre-challenge (P = 0.004), eclipse phase (P < 0.001),
stage I (P=0.01), stage V (P = 0.01), and stage VI (P = 0.001; Fig-
ure 3, B and D). Also, the levels of monocyte chemoattractant pro-
tein-1 (MCP-1) were significantly higher at Fiebig-equivalent stage
11 than pre-challenge and at stage I of infection (P = 0.01 for both
comparisons; Figure 3, B and E). Interestingly, no other significant
differences were detected in the levels of Th1, Th2, and Treg cyto-
kines across stages. Next, we investigated the levels of CXCL13,
a chemokine involved in the migration of B cells and T follicular
helper (Tth) cells to the lymphoid follicles (24-27), whose serum
levels were reportedly elevated in HIV-infected subjects (28).
Plasma CXCL13 levels were significantly higher at Fiebig-equiv-
alent stages III, V, and VI compared with pre-challenge (P =
0.02, P < 0.001, and P < 0.001, respectively), eclipse (P = 0.03,

J Clin Invest. 2021;131(17):e151632 https://doi.org/10.1172/JC1151632
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Figure 3. Cytokine and chemokine profile of the Fiebig-equivalent stages of SHIV, infection.

(A) Distribution of plasma samples for cytokine and chemokine analysis across the Fiebig-equivalent
stages of SHIV, . infection. (B) Heatmap depicting median plasma cytokine and chemokine levels
in each stage of SHIV, . . infection, as determined in a bead-based multiplex assay using Luminex
technology. (C-E) Plasma levels of IL-8 (C), IL-15 (D), and MCP-1 (E) in each stage of SHIV, . infection,
as measured by Luminex. (F) Plasma levels of CXCL13 in each stage of SHIV,, . infection, as mea-
sured by ELISA. Bar graphs show the absolute number (A), and the mean + SEM and individual data
points (C-F). The Kruskal-Wallis test followed by Dunn’s multiple-comparison test was used to detect
significant differences between all stages except for Fiebig-equivalent stage IV (low n) (B-F). The
statistical results indicate significant differences between those stages and Fiebig-equivalent stage Il
(B), and statistical results denoted in gray, black, and blue reflect comparisons with the pre-challenge
phase, eclipse phase, and Fiebig-equivalent stage |, respectively (F). *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.00071. ecl., eclipse.
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P <0.001, and P < 0.001, respectively),
and stage I (P = 0.01, P < 0.001, and P
< 0.001, respectively) of infection (Fig-
ure 3F). Overall, these data show a tran-
sient increase of IL-15 and MCP-1 levels
at Fiebig-equivalent stage II and higher
CXCL13 levels during Fiebig-equivalent
stages III, V, and VI of SHIV, . infec-
tion in rhesus macaques.

Frequency of LN CD8' T cells
increased at Fiebig-equivalent stages V and
VI of SHIV, . . infection. Since CXCL13
is involved in the redirection of B and
Tth cells to lymphoid follicles, we stud-
ied the dynamics of several immune cell
populations throughout the course of
SHIV, . .. infection in LN biopsy sam-
ples. With the exception of Fiebig-equiv-
alent stage IV, all remaining stages were
represented in the collection of LN sam-
ples (Figure 4A). LN cells were stained
for markers that allowed flow cytom-
etry identification of T cells, B cells,
natural killer (NK) cells, and mono-
cytes (Supplemental Figure 3A). Over-
all, the levels of these cell populations
remained relatively stable during the
course of SHIV, . infection, and only
a transient increase in NK cell levels at
Fiebig-equivalent stage V was detected
(P = 0.02 for stage V vs. stage II or VI;
Figure 4B). As expected, the levels of
CD4* T cells significantly decreased at
Fiebig-equivalent stages V and VI (P =
0.03 and P = 0.003 for pre-challenge vs.
stage V or VI, respectively), which was
accompanied by an increase in the levels
of CD8" T cells (pre-challenge vs. stage
V, P = 0.05; pre-challenge vs. stage VI,
P =0.006; and stage II vs. stage VI, P =
0.05) (Figure 4C). These changes in the
LNs occurred despite stable cell subset
levels in PBMCs (Supplemental Figure
3, B-D). For a better assessment of T cell
dynamics within the LNs, we included
markers to identify germinal center (GC)
Tth cells (CD95"CXCR5*PD-1" CD4* T
cells) and follicular CD8* (fCD8") T cells
(CCR7°CD95MCXCR5" CD8* T cells),
as previously described (refs. 29-31 and
Supplemental Figure 3A). While GC Tth
cells remained relatively stable across
Fiebig-equivalent stages, higher levels
were observed in some animals at stage
VI, consistent with earlier studies report-
ing accumulation of Tfh cells during
chronic SIV/HIV infection (32-34). In
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Figure 4. Immune cell distribution in the LNs throughout the Fiebig-equivalent stages of SHIV
(A) Average distribution of LN samples for flow cytometry immunophenotyping analysis (shown in Figure 4) and
CD8* T cell functional analysis (shown in Figure 5) across the Fiebig-equivalent stages of SHIV
numbers in parentheses indicate the number of samples available for the functional analysis shown in Figure

5 when the sample number was different from that for the immunophenotyping analysis shown in Figure 4).
(B-D) Frequency of monocytes, NK cells, B cells, and T cells (B), CD4* (left) and CD8" (right) T cells (C), and GC Tfh
infection. Graphs show the mean (A), the
mean + SEM (B), and the mean + SEM and individual data points (C and D). The Kruskal-Wallis test followed by
Dunn’s multiple-comparison test was used to detect significant differences between the pre-challenge phase,
infection (B-D). *P < 0.05; **P < 0.01. ecl., eclipse; fCD8*, follic-

(left) and fCD8* T cells (right) (D) at the different stages of SHIV

AD8-EQ

Fiebig-equivalent stages II, V, and VI of SHIV . .o
ular CD8*; GC, germinal center; Tfh, T follicular helper.

addition, fCD8" T cells slightly increased at stage VI (P = 0.05; Fig-
ure 4D). Taken together, these data indicate that the frequency of
LN CD8" T cells increases during Fiebig-equivalent stages V and
VIof SHIV, . . infection.

LN SIV Gag-specific CD8* T cell responses developed at
Fiebig-equivalent stages V and VI of SHIV, . infection. We next
investigated in which stage of infection SIV-specific CD8" T cell
responses are generated in the LNs. LN cells were stimulated for 6
hours with SIV Gag peptide pool, and CD8* T cells were then eval-
uated for production of cytokines (IFN-y, MIP-18, and TNF) and
degranulation (through CD107a expression) by flow cytometry
(Figure 5A and Supplemental Figure 3E). Similar to the immuno-
phenotyping experiments (Figure 4), we used samples from all
Fiebig-equivalent stages but stage IV, and only slightly fewer
samples from the pre-challenge phase and stage II (Figure 4A).

il

Fiebig-equivalent stages
of SHIV \pg_go infection

vi detected at significantly higher

levels in stage VI than stage V
(P = 0.01 and P = 0.03, respec-
tively; Figure 5E). In conclusion,
SIV Gag-specific CD8" T cell
responses developed mostly in
Fiebig-equivalent stages V and VI
of SHIV infection with a dis-
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tinct profile in each of the stages.

0.0 iNFection.

0s.co INfeCtion (the

SHIV, ..., RNA* virions
accumulated in LN  follicles

during Fiebig-equivalent stages
V and VI of SHIV, . .. infec-
tion. Finally, we investigated
the presence and localization of SHIV, RNA in the LNs at
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each Fiebig-equivalent stage of SHIV, infection. LN sec-
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tions from all but Fiebig-equivalent stage IV were stained using
RNAscope in situ hybridization technology (ref. 35 and Fig-
ure 6, A and B), and the numbers of SHIV, . . RNA* cells and
SHIV, . . RNA* virions were quantified at each stage of infec-
tion. In order to rule out any influence of the size of the LN sec-
tions in the quantification, the absolute numbers of viral RNA*
cells and virions were normalized to the LN areas, which, none-
theless, did not vary considerably across stages (Supplemen-
tal Figure 4A). SHIV, . RNA* cells were initially detected at
stage IT of infection, and their levels appeared to decline in most
monkeys at stage VI, although the difference did not reach sta-
tistical significance (Figure 6C, left). In contrast, few SHIV, .

RNA*virions were detected at stage II, but their levels increased
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Figure 5. LN SIV Gag-specific CD8* T cell responses across the Fiebig-equivalent stages of
SHIV,, .. infection. (A) Representative example of the coexpression of CD69 and IFN-y, MIP-1B,
or TNF, as well as of CD107a expression, by CD8" T cells from the LNs of SHIV, . . -challenged
monkeys, after 6 hours of stimulation with SIV Gag peptide pool. (B) Frequency of LN CD8* T
cells either coexpressing CD69 and IFN-y, MIP-1B, or TNF, or expressing CD1073, in each stage of
SHIV,, ., infection, after SIV Gag peptide pool-mediated stimulation. (C) Heatmap depicting the
median frequency of LN CD8* T cells expressing each functional readout in Fiebig-equivalent
stages V and VI of SHIV, . . infection, after 6 hours of stimulation with SIV Gag peptide

pool. (D and E) Polyfunctional profile of LN CD8* T cells in response to SIV Gag peptide pool

in Fiebig-equivalent stages V and VI of SHIV, _ _ infection. The pie charts and bar plot show

the frequency of CD8* T cells expressing all different combinations of functional readouts. Bar
graphs show the mean + SEM and individual data points (B and E), and pie charts show the mean
frequency of responding CD8* T cells (D). The Kruskal-Wallis test followed by Dunn’s multi-
ple-comparison test was used to detect significant differences between the prechallenge phase,
Fiebig-equivalent stages Il, V, and VI of SHIV, . infection (B). The permutation test and the
Mann-Whitney test were used to compare the pie charts (D) and data in the bar plot (E), respec-
tively. *P < 0.05; **P < 0.01. ecl., eclipse.
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thereafter and remained relatively stable up
to stage VI of infection (Figure 6C, right).
Overall, the levels of SHIV, . RNA® cells
in the LNs strongly correlated with plasma
viremia (Spearman’s r = 0.8571, P < 0.0001)
(Supplemental Figure 4B), but did not cor-
relate with the frequency of SIV Gag-specific
LN CD8* T cells either producing cytokines
or degranulating (Spearman’s r = 0.1260, P
= 0.4; Supplemental Figure 4C), or simply
degranulating (Spearman’s r = 0.09325, P =
0.6; Supplemental Figure 4D) in response to
SIV Gag peptide pool.

To determine where in the LNs the
SHIV, . .. RNA* cells and virions were located,
the same parameters were analyzed in the fol-
licular and extrafollicular areas (defined by the
presence or lack of CD20 expression, respec-
tively). SHIV, .. .- RNA* cells and virions were
detected in both follicular and extrafollicular
areas, although in different patterns (Figure 6,
A, D, and E). While, in median, less than half
of the SHIV, . .- RNA* cells were detected in
the follicles throughout SHIV, . . infection
(median percentage of follicular SHIV, .
RNA* cells: 30.10%, 33.92%, and 36.81% at
stages II, V, and VI, respectively), SHIV, .
RNA* virions preferentially accumulated in
the follicles at stages V and VI of infection
(median percentage of follicular SHIV, .
RNA" virions: 30.16%, 63.17%, and 85.37% at
stages II, V, and VI, respectively; P = 0.001 for
follicular vs. extrafollicular virion load at stage
VI), where they were found associated with
the follicular dendritic cell network (Figure 6,
A, D, and E). Importantly, these results were
not influenced by the size of the follicular and
extrafollicular areas nor by the number of fol-
licles, which remained relatively stable across
the Fiebig-equivalent stages of SHIV,
infection (Supplemental Figure 4, E-G).

Collectively, these data indicate distinct
patterns of detection of SHIV, ..~ RNA*
cells and virions in the LNs of SHIV, . -in-
fected macaques, whereby SHIV, . .~ RNA*
cells may predominate earlier in infection
while SHIV, . RNA* virions accumulate
later and mostly in the follicles.

D8-EO

Discussion

The existence of a viral infection staging
system that can be used in parallel in animal
models and patients is critical to accurately
extrapolate preclinical novel therapeutic
interventions to potential clinical applica-
tion. In the HIV field, the Fiebig staging sys-
tem (3) has been extensively used to inform
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Figure 6. Detection of SHIV, . . RNA in LN tissues by RNAscope.

(A) Representative staining of LN sections (scale bars: 500 um) from
Fiebig-equivalent stages Il (left) and VI (right) of SHIV, ,  infection,
showing cellular nucleic acids (SYTO, blue), SHIV, . .- RNA (green), CD20
(yellow), CD3 (turquoise), CD4 (red), and FDC network (pink). SHIV, . .
RNA* cells and virions are marked with large and small green spheres,
respectively. Insets (scale bars: 5 um) show a magnified view of SHIV, |, .
RNA* cells associated with CD3, CD4, and CD20 (stage I, top right), CD3
and CD4 (stage VI, top left); and of follicular virions associated with the
FDC network (stage VI, bottom right). Insets show the real SHIV, , .
RNA signal. (B) Distribution of LN sections for RNAscope analysis across
Fiebig-equivalent stages of SHIV, ,  infection. (C and D) RNAscope quan-

tification of SHIV, . . RNA* cells and virions across whole LN sections (C)

and in LN follicular (circles) and extrafollicular (triangles) areas (D) in each
stage of infection. (E) Percentage of follicular SHIV, , .. RNA* cells (squares)
and virions (triangles) at stages II, V, and VI of infection. Bar graphs show
the absolute numbers (B), and individual data points with the mean + SEM
(C and D) or median and interquartile range (E). The Kruskal-Wallis test
followed by Dunn’s multiple-comparison test was used to detect significant
differences in viral parameters between pre-challenge, stages Il, V, and VI
of infection in the whole LN tissue (C), follicular areas (dark gray, D), and
extrafollicular areas (light gray, D), as well as in the percentage of follicular
SHIV RNA* cells or virions between stages Il, V, and VI (E). Statistical

AD8-EQ
results in gray reflect differences from the pre-challenge phase (D). The

Mann-Whitney test was used to compare viral parameters between follic-
ular and extrafollicular areas (D). **P < 0.01; ***P < 0.001; ****P < 0.0001.
ecl., eclipse; FDC, follicular dendritic cell; vRNA, viral RNA.

about HIV-1 disease progression and stratify patient cohorts
in clinical trials, but a parallel system in NHPs, widely used to
develop vaccination and therapeutic strategies, is lacking. In this
study, we delineated the Fiebig-equivalent stages of infection in
NHPs challenged intrarectally or intravenously with SHIV,
and extensively characterized them immunologically. Progres-
sion through Fiebig-equivalent stages during the first 4 weeks
post-challenge was overall up to 1 week delayed in monkeys chal-
lenged via the i.r. route compared with the i.v. route (Figure 2).
However, regardless of the challenge group, Fiebig-equivalent
stages I-II and V-VI predominated before and after plasma peak
viremia, respectively (Figure 2). In contrast to the stable immune
cell distribution observed in peripheral blood, a decrease in the
frequency of CD4" T cells and concomitant rise in the frequency
of CD8* T cells in the LNs occurred at Fiebig-equivalent stage
V of infection. SIV-specific CD8" T cell responses developed
after peak viremia at Fiebig-equivalent stages V and VI, when
SHIV, . ., RNA" cells appeared to decline and virions accumu-
lated in the follicles (Figure 7). Overall, we found concordance
of immunological events between monkeys challenged via the
ir. and iv. route when evaluated by Fiebig-equivalent stag-
ing, despite differences in progression of SHIV, . infection
between the challenge groups.

To our knowledge, this is the first report that maps the stages
of SHIV infection in NHPs based on the Fiebig stages of HIV-1
infection in humans (3). We showed that the Fiebig-equiva-
lent staging pattern varied with the challenge route during the
first 4 weeks post-challenge, such that intrarectally challenged
monkeys were overall up to 1 week delayed in stage progression
when compared with intravenously challenged monkeys. This
delay is consistent with the significantly longer time that it took
to first detect plasma viremia and for viremia to peak in intra-
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rectally challenged monkeys, and may be partially explained by
the need for local viral expansion at the initial site of infection
before systemic dissemination, as previously reported (36-38).
Thus, in acute infection studies in NHPs, describing the timing
of interventions in days or weeks post-infection can be impre-
cise, as these may correspond to different Fiebig-equivalent
stages depending on the challenge route. If such studies are to
be extrapolated to human clinical trials, they should indicate in
what Fiebig-equivalent stage their interventions were initiat-
ed. In this context, Nishimura et al. (17, 39) showed long-term
control of infection in approximately half of the monkeys that
were challenged intrarectally or intravenously with SHIV, .
and given broadly neutralizing antibodies (bNAbs) starting as
early as day 3 or day 14 post-challenge. According to our find-
ings, these results mean that bNAb therapies can be successful
if initiated within the eclipse phase or Fiebig-equivalent stages
I and II. As these stages occur before viral control begins and
antibodies arise, collectively, these data support the hypoth-
esis that this early bNAb intervention may lead to the forma-
tion of immune complexes that will ultimately alter cellular
immune responses (17). These data may also suggest that, to
be effective, bNAb interventions need to be initiated before
viral dissemination and establishment of a long-lived, per-
sistent, and rebound-competent viral reservoir. Comparison of
stages between SHIV, . and HIV-1 infection (Table 1) shows
that, on average, Fiebig-equivalent stage VI starts earlier in
NHPs because of a much shorter Fiebig-equivalent stage V of
SHIV, . ., infection compared with the counterpart Fiebig stage
V of HIV-1 infection (average 13 and 17 days in the i.r. and i.v.
NHP groups, respectively, vs. 69.5 days in HIV-1-infected sub-
jects) (3). Thus, our findings also have important implications
for interventions aiming at the earlier phases of Fiebig stage VI
(recent infection and early chronic infection) (3, 40), as they will
have to be initiated much earlier in NHPs in order to target a
similar phase of disease progression in humans.

Immunological characterization of the Fiebig-equivalent
stages of SHIV, . infection showed that, despite the observed
differences in progression of infection between the challenge
groups, the timing of virus-specific CD8* T cell responses, as well
as the viral load and virus distribution in the LNs, was concordant
between the groups when assessed by Fiebig-equivalent staging.
LN SHIV, . .. RNA* cells were initially detected in both follicular
and extrafollicular areas and mostly preceding peak plasma vire-
mia at Fiebig-equivalent stage II, in agreement with previous stud-
ies (31, 41-44). Their levels increased proportionally to viral load
in plasma, and seemed to decrease at Fiebig-equivalent stage VI
when strong LN SIV-specific CD8" T cell responses were detected.
These responses, which appeared to develop at later stages than in
the peripheral blood of acutely HIV-1-infected subjects (45), were
predominantly characterized by production of the highly proin-
flammatory cytokine TNF and expression of CD107a, indicative of
degranulation. In addition, levels of fCD8* T cells, previously shown
to be highly cytolytic ex vivo and able to mediate killing of HIV-in-
fected target cells in vitro (31, 46), were higher at Fiebig-equivalent
stage VI than stage V. LN NK cell levels also transiently increased
at Fiebig-equivalent stage V. Thus, our data are consistent with the
notion that, after peak plasma viremia during Fiebig-equivalent
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stages Vand VIof SHIV, . infection, cytotoxic immune respons-
es develop in the LNs and may lead to lysis of virus-infected cells
and release of virions. In fact, LN SHIV, .~ RNA* virions were
almost absent at Fiebig-equivalent stage IT when SHIV, . RNA*
cells, likely producing virions (47), were already present but CD8*
T cell responses were undetectable. However, virions were highly
abundant in the follicles during Fiebig-equivalent stage VI when
CD8" T cell responses were stronger. Although there was no signifi-
cant correlation between the levels of LN SHIV, . . - RNA"cellsand
the virus-specific function of LN CD8" T cells in our study, possi-
bly because of limited sample size and data variation between ani-
mals, previous studies reported in situ observation of CD8* T cells
expressing T cell intracellular antigen-1 (TIA-1) or perforin (48, 49)
and increased activation of cytotoxic cells (50) in the LNs of HIV-1-
infected subjects. Furthermore, CD8* T cells with HIV- or SIV-spe-
cific killing activity in vitro were detected in the LNs, splenic white
pulp, and tonsil GCs of HIV-1-infected subjects (46, 51), and in the
LNs of SIV-infected NHPs (31, 52, 53). Also, NK cells were shown to
accumulate in the LNs of African green monkeys during nonpatho-
genic SIV infection, where they played an important role in the con-
trol of viral replication (54).

It is noteworthy that the staging pattern and the associated
immunological characteristics reported here are only valid for the
virus and challenge routes that we have studied, and it is possible
that other viruses and routes do not follow the same timing and
immunological patterns. In relation to this, it was perhaps surpris-
ing that we did not detect throughout the Fiebig-equivalent stages
of SHIV, . . infection significant changes from baseline in the
plasma levels of cytokines and chemokines (with the exception of
IL-15, MCP-1, and CXCL13), and in the peripheral blood levels of
CD4" T cells. It is possible that the SHIV, . stock used in this
study played a significant role in this regard, as 1 of 12 challenged
monkeys in our study (monkey DG81) did not appear to have
been infected with this virus stock. In addition, previous stud-
ies showed changes not only in IL-15 and MCP-1 levels, but also

in MIP-1a, IFN-y, TNF, IL-1f, and IL-1Ra, among others, early in
HIV-1 infection and pathogenic SIVmac251 progressive infection
(55-57). However, such changes were much more attenuated upon
infection with hepatitis B virus (55) or with either nonprogressive
or nonpathogenic SIV strains (57). The other possibility is that,
because these parameters were evaluated very early after infec-
tion (up to 20 weeks post-challenge), not enough time had passed
to allow detection of changes in peripheral blood. Intrarectal or
intravenous infection of rhesus macaques with different doses of
SHIV, . .. led to a rapid decrease of CD4" T cell frequency in the
bronchoalveolar lavage fluid within the first 20 weeks post-chal-
lenge, similar to what we have observed in LNs, but depletion of
CD4" T cells from peripheral blood, as evaluated by absolute cell
counts, occurred rather gradually in most of the animals through-
out a 100-week observation period (58). Notably, we reported fre-
quencies of CD4* T cells out of total T cells, and absolute CD4* T
cell counts would be required to truly assess whether CD4* T cell
depletion has occurred, as previously reported in untreated HIV-1-
infected patients in Fiebig stages II-IV compared with stage I (6).
Muir et al. (59) also showed a decrease in the frequency of circu-
lating resting memory B cells during early acute HIV-1 infection.
Although the total B cell population remained relatively stable
in our study, a more detailed B cell-oriented analysis would be
required to evaluate the dynamics of this cell population through-
out the Fiebig-equivalent stages of SHIV,  _  infection.

In summary, we mapped the Fiebig-equivalent stages in
rhesus macaques challenged intrarectally or intravenously with
SHIV, . .., and showed that, despite early variation in progres-
sion of infection and staging pattern with the challenge route,
there is concordance in immunological events between the
groups when evaluated by Fiebig-equivalent staging. Given the
importance of the macaque model in HIV research, the defini-
tion and characterization of these stages will be useful to effi-
ciently design new therapeutic strategies and accurately extrap-
olate them to the clinics.
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Methods

Study design
Twelve Indian-origin, outbred, young adult female and male rhesus
macaques (Macaca mulatta) that did not express the MHC class I alleles
Mamu-A*01, Mamu-B*08, and Mamu-B*17, associated with sponta-
neous virological control, were housed at BIOQUAL Inc. The animals
were challenged either intrarectally (z = 6) or intravenously (n = 6)
with 1000 or 100 median tissue culture infective doses (TCID,,) of
SHIVADS-EO’
preparation of the tissue culture-derived SHIV,

respectively, as previously described (23). The origin and
peno Stock have been
previously reported (58). Challenge animal groups were balanced for
FcyRIIand FeyRIII genotypes. Blood samples for plasma and peripheral
blood mononuclear cell (PBMC) isolation were taken biweekly during
the first 3 weeks post-challenge, then weekly up to week 8 post-chal-
lenge, and monthly thereafter (Figure 1A). In each group, LN biopsies
were collected at 4 time points: pre-challenge (1 = 6, left inguinal LNs),
day 7 (n=3) or day 14 (n = 3) (right inguinal LNs), week 3 (n = 3) or week
4 (n=3) (left axillary LNs), and week 8 (1 = 6, right axillary LNs; Figure
1A). The intermediate LN time points were staggered to increase the

number of samples from early stages of SHIV, . . - infection, given that

D8-EO
each animal could only be biopsied up to 4 times.

Tissue processing

PBMCs were isolated from peripheral blood by Ficoll-Hypaque den-
sity gradient centrifugation (Sigma-Aldrich), frozen in FBS (Gibco)
with 10% DMSO (Sigma-Aldrich), and stored in liquid nitrogen until
further use. Plasma was isolated and immediately stored in aliquots
at-80°C. To obtain LN cell suspensions, fat and connective tissue sur-
rounding the LN were removed, and the tissue was then cut into small
pieces and dissociated with the plastic end of a 6 mL syringe plunger.
Cell suspensions were filtered through a 40 pum cell strainer, washed
twice in RPMI 1640 medium supplemented with 10% FBS, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (all
from Gibco) (complete medium), then frozen in FBS with 10% DMSO,
and stored in liquid nitrogen until required.

Plasma viral loads

Plasma viremia was quantitated through an established quantita-
tive reverse transcription PCR (qQRT-PCR) assay that quantifies SIV
Gag RNA levels with a detection limit of 15 copies/mL, as previously
described (60).

Detection of SIV p27 antigen, HIV antibodies, and SIV antibodies

ELISAs for detection of plasma SIV p27 antigen (ABL Inc.) and HIV-
1/HIV-2 antibodies (third-generation IgM-sensitive ELISA, Abnova),
as well as Western blot overnight assays for detection of plasma SIV
and HIV antibodies using nitrocellulose strip-based kits (ZeptoMet-
rix Corp. and MP Biomedicals, respectively), were performed per the
manufacturer’s instructions. The Western blot strips were imaged
using the G:BOX Mini 9 system and GeneSys software version 1.6.3.0
(Syngene). Data from the qRT-PCR, ELISAs, and Western blots were
integrated as previously described (3) to identify the Fiebig-equivalent

stages of SHIV, . . - infection (Supplemental Table 1).
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Soluble cytokine and chemokine analyses
Plasma levels of 21 cytokines and chemokines were measured using
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the Luminex technology in a bead-based multiplex assay (Milli-
poreSigma), and CXCL13 levels were quantitated using a human
CXCL13 ELISA (R&D Systems), both according to the manufacturer’s
instructions.

Functional assays

LN SIV-specific CD8* T cell responses were evaluated by in vitro
peptide pool stimulation against SIV Gag. Thawed LN cells were
rested for 1 hour at 37°C/5% CO, in complete medium, and then
incubated for 6 hours with either 4 pg/mL SIV Gag peptide pool
(NIH AIDS Reagent Program, Manassas, Virginia, USA) or DMSO
(vehicle, unstimulated control) in the presence of monensin
(GolgiStop, BD Biosciences) and brefeldin A (Sigma-Aldrich) as well
as anti-CD107a antibody (clone H4A3, BioLegend) to determine
cellular degranulation. For each functional readout, the residual
response levels of the unstimulated cells were subtracted from the
response levels of the SIV Gag-stimulated cells.

Flow cytometry

For phenotypic analyses, thawed cells were stained with Zombie UV
amine reactive dye (BioLegend) and then with directly conjugated
antibodies against surface markers for 15 minutes at room tempera-
ture (RT). Cells were washed in PBS containing 2% FBS (FACS buf-
fer) and fixed in 1% paraformaldehyde before data acquisition. For
functional analyses, cells were incubated with Aqua amine reactive
dye (Invitrogen), surface-stained with directly conjugated and bioti-
nylated antibodies for 15 minutes at RT, and then incubated with
streptavidin (BioLegend) for 15 minutes at RT. FACS buffer was used
to wash cells in between and right after each incubation step. This was
followed by cell fixation and permeabilization in Cytofix/Cytoperm
(BD Biosciences) for 30 minutes at 4°C, washes in Perm/Wash buffer
(BD Biosciences), and intracellular staining with directly conjugated
antibodies for 30 minutes at 4°C. Cells were then washed in Perm/
Wash buffer and resuspended in FACS buffer for data acquisition. The
antibodies were used at predetermined optimal titers and are listed
in Supplemental Table 2. Samples were acquired on a modified BD
FACSymphony (BD Biosciences) equipped with 355-, 405-, 488-,532-,
and 628-nm lasers, and data were analyzed using FlowJo software
version 9.9.6 (BD Biosciences). Polyfunctionality analyses were per-
formed using Simple Presentation of Incredibly Complex Evaluations
(SPICE) software version 6.0 (Mario Roederer, Vaccine Research Cen-
ter, National Institute of Allergy and Infectious Diseases, NIH).
SHIV, . . RNA detection in LN tissues

After biopsy, residual fat was removed from the LNs, which were
then fixed overnight at RT in PBS 1x containing 4% paraformal-
dehyde (Electron Microscopy Science) and embedded in paraffin
blocks. Tissue sections of 5 um thickness were mounted on Super-
Frost slides (Thermo Fisher Scientific) and subjected to RNAscope
analysis (Advanced Cell Diagnostics). Briefly, slides were baked for
1 hour at 60°C, deparaffinized twice in xylene (5 minutes each), and
dehydrated twice in ethanol bath (2 minutes each). Slides were then
treated with hydrogen peroxide for 10 minutes at RT, rinsed in deion-
ized water, and incubated in antigen retrieval buffer for 15 minutes
at 100°C using a steamer. Slides were then immediately treated with
RNAscope®Protease Plus (Advanced Cell Diagnostics) for 15 minutes
at 40°C in a HybEZ hybridization oven (Advanced Cell Diagnostics).
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Hybridization with SHIV, . . pooled probe spanning gag-pol (20ZZ,
targeting the region 2184-3342) and vif-vpu-nef (34ZZ, targeting the
region 2-751 nt) occurred for 2 hours at 40°C and was followed by the
amplification steps per the RNAscope Multiplex Fluorescent V2 assay
protocol, and the TSA-FITC (1:1500; PerkinElmer) detection step.

After RNAscope, staining of B cells (CD20%), T cells (CD3*CD4*),
and the follicular dendritic cell (FDC) network was performed for con-
focal microscopy. Specifically, after 1 hour of incubation with blocking
solution (PBS 1x, 0.3% Triton X-100, 1% BSA), primary unconjugated
antibodies directed against CD3 (clone F7.2.38, Dako) and FDC
(clone CNA.42, Sigma-Aldrich) were added on the slides overnight
at 4°C. After 3 washing steps (in PBS 1x at RT for 15 minutes each),
slides were incubated for 2 hours at RT with fluorescently conjugated
donkey anti-mouse IgGla (Alexa Fluor 594 conjugated, Thermo Fish-
er Scientific) and goat anti-mouse IgM (Alexa Fluor 546 conjugated,
Thermo Fisher Scientific) to detect CD3 and FDC, respectively. After 3
washing steps, slides were blocked with 10% normal mouse/goat
serum for 1 hour at RT and incubated with directly conjugated anti-
bodies against CD20 (clone L26, eFluor 660 conjugated, eBioscience)
and CD4 (goat polyclonal antibody, Alexa Fluor 700 conjugated, cat-
alog FAB8165N, R&D Systems) for 2 hours at RT. After 3 additional
washing steps, slides were counterstained for nuclear staining with
Syto40 (1:100,000; Thermo Fisher Scientific) for 40 minutes at RT,
mounted with Prolong Gold Antifade (Thermo Fisher Scientific), and
allowed to cure for over 24 hours in the dark.

Tissues were imaged using a Nikon C2 confocal microscope (x40
objective, 1.40 NA), and images were processed using Imaris version
9.5.0 (Bitplane). Using Imaris’s built-in function Spots, SHIV, .
RNA* cells and SHIV, = RNA" virions were identified and quan-
tified. The Spots function identifies fluorescent signals based on a
defined diameter and subsequently marks them with a green sphere
RNA* cells and SHIV, . . - RNA* virions,

pero RNA™ cells, a
diameter of 7 um was assigned based on previous literature that estab-

(large or small for SHIV,

ADS-EO
respectively) for easier visualization. For SHIV,

lished 7.5 um as the average cell diameter (61, 62), and on the average
RNA* cells

D8-EO
RNA* virions, a diameter of 2 pm

calculated diameter from randomly selected SHIV,
across our studies. For the SHIV, |
was assigned based on the average measured virus particle RNAscope
signal diameter from across our studies. Any background artifacts
that were identified by the Spots function were manually excluded
by 2 independent individuals based on (a) size and shape of the virus
RNA* staining, (b) presence of the virus RNA* staining on at least 3
confocal optical planes, and/or (c) highly saturated nuclear Syto40 flu-
orescence. Data were normalized by area (mm?) to take into account
differences in tissue size.

Statistics
Statistical comparison of challenge groups or Fiebig-equivalent stages
of SHIV, . infection. Statistical analyses were performed using

Prism software version 8 (GraphPad). For comparison of 2 groups
with unpaired samples, the nonparametric Mann-Whitney test was
used. For comparison of more than 2 groups with unpaired samples,
the Kruskal-Wallis test was used and followed by Dunn’s multiple-
comparison test when the Kruskal-Wallis P value was significant. The
permutation test in the SPICE software was used to compare the pie
charts depicting polyfunctionality data. Correlations were assessed
using Spearman’s rank correlation test. Two-sided P values less than
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0.05 without further adjustment for multiple comparisons were con-
sidered significant.

Multistate model for progression of SHIV,
state model (MSM) for progression of SHIV, . .
macaques based on the Fiebig-equivalent stages of infection was

pero LHfection. A multi-

infection in rhesus

developed. The input data for the model consisted of the Fiebig-equiv-

alent stages of SHIV, | . infection recorded at increments of 3-7 days

D8-EO
for each of 11 NHPs challenged intrarectally (n = 5) or intravenously

(n = 6) with SHIV,

ADS-EO
corresponds to the eclipse phase. Owing to the limited sample size,

(Figure 2A). All animals start at stage 0, which

subsequent stages were lumped as follows: A = {0}, B = {I}, C = {II}, D
= {11, IV}, E = {V}, and F = {VI}. The model is a progressive time-ho-
mogeneous continuous-time multistate Markov model in which ani-
mals start in stage A, progress through the various stages, B through
E, and finally reach stage F. Waiting times between transitions were
assumed to be exponentially distributed with rate parameters A

AB?
Apos Aoy and A .. Because of the size of the data set, the effect of the

BC?

challenge route was constrained to be the same across the first 4
transitions (A—B, B—C, C—D, D—E) via a log-linear model for the
transition intensity. The effect of the challenge route on the rate of
progression from E to F was allowed to differ from the effect on ear-
lier transitions. Letting Z, be an indicator for whether the challenge
was 1.v., the transition intensities for animal i were written as follows:
IOgO\AE) = BAB + Blzi; logo‘sc) = BBC + ﬁ1Zi; log()\'CD) = ﬁc13 + BIZi; log()“DE)
= BDE + ﬁlzi; and logo‘EF) = BEF + BzZi’ where HAB’ BBC’ ch BDE’ and BEF
are the log transition intensities in the i.r. group, exp([}l) is the com-
mon effect of i.v. challenge on early progression (common hazard
ratio), and exp(p,) is the effect of the challenge route on late progres-
sion. Confidence intervals for model estimates were calculated from
quantiles of 1000 bootstrap samples. The bootstrap procedure resa-
mples individual animals and was stratified on challenge route to pre-
serve the number of animals per challenge group. The model was fit
using the msm package in R (63, 64).
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All animal procedures and experiments were reviewed and approved
by the Institutional Animal Care and Use Committee of the Vaccine
Research Center (VRC), National Institute of Allergy and Infectious
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