UC Davis
UC Davis Previously Published Works

Title
Critical Role for Monocytes/Macrophages in Rapid Progression to AIDS in Pediatric
Simian Immunodeficiency Virus-Infected Rhesus Macaques

Permalink
https://escholarship.org/uc/item/4547j3rk

Journal
Journal of Virology, 91(17)

ISSN
0022-538X

Authors
Sugimoto, Chie
Merino, Kristen M
Hasegawa, Atsuhiko

Publication Date
2017-09-01

DOI
10.1128/jvi.00379-17

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4547j3rk
https://escholarship.org/uc/item/4547j3rk#author
https://escholarship.org
http://www.cdlib.org/

L] AMERICAN Journal of
SOCIETY FOR ; ®
— MICROBIOLOGY Verlogy

Critical Role for Monocytes/Macrophages
in Rapid Progression to AIDS in Pediatric
Simian Immunodeficiency Virus-Infected
Rhesus Macaques

Chie Sugimoto,®* Kristen M. Merino,® Atsuhiko Hasegawa,** Xiaolei Wang,®
Xavier A. Alvarez, Hiroshi Wakao,* (©’ Kazuyasu Mori,® Woong-Ki Kim,f
Ronald S. Veazey,® Elizabeth S. Didier,~9 Marcelo J. Kuroda?

Divisions of Immunology,® Comparative Pathology,” and Microbiology,© Tulane National Primate Research
Center, Covington, Louisiana, USA; Department of Hygiene and Cellular Preventive Medicine, Hokkaido
University Graduate School of Medicine, Sapporo, Hokkaido, Japand; AIDS Research Center, National Institute
of Infectious Diseases, Tokyo, Japane; Department of Microbiology and Molecular Cell Biology, Eastern Virginia
Medical School, Norfolk, Virginia, USAf; Department of Tropical Medicine, School of Public Health and Tropical
Medicine, Tulane University, New Orleans, Louisiana, USA9

ABSTRACT Infant humans and rhesus macaques infected with the human or simian
immunodeficiency virus (HIV or SIV), respectively, express higher viral loads and
progress more rapidly to AIDS than infected adults. Activated memory CD4" T cells
in intestinal tissues are major primary target cells for SIV/HIV infection, and massive
depletion of these cells is considered a major cause of immunodeficiency. Mono-
cytes and macrophages are important cells of innate immunity and also are targets
of HIV/SIV infection. We reported previously that a high peripheral blood monocyte
turnover rate was predictive for the onset of disease progression to AIDS in SIV-
infected adult macaques. The purpose of this study was to determine if earlier or
higher infection of monocytes/macrophages contributes to the more rapid progres-
sion to AIDS in infants. We observed that uninfected infant rhesus macaques exhib-
ited higher physiologic baseline monocyte turnover than adults. Early after SIV infec-
tion, the monocyte turnover further increased, and it remained high during progression
to AIDS. A high percentage of terminal deoxynucleotidyltransferase dUTP nick end label
(TUNEL)-positive macrophages in the lymph nodes (LNs) and intestine corresponded
with an increasing number of macrophages derived from circulating monocytes (bro-
modeoxyuridine positive [BrdU™] CD1637), suggesting that the increased blood
monocyte turnover was required to rapidly replenish destroyed tissue macrophages.
Immunofluorescence analysis further demonstrated that macrophages were a signifi-
cant portion of the virus-producing cells found in LNs, intestinal tissues, and lungs.
The higher baseline monocyte turnover in infant macaques and subsequent macro-
phage damage by SIV infection may help explain the basis of more rapid disease
progression to AIDS in infants.

IMPORTANCE HIV infection progresses much more rapidly in pediatric cases than in
adults; however, the mechanism for this difference is unclear. Using the rhesus ma-
caque model, this work was performed to address why infants infected with SIV
progress more quickly to AIDS than do adults. Earlier we reported that in adult rhe-
sus macaques, increasing monocyte turnover reflected tissue macrophage damage
by SIV and was predictive of terminal disease progression to AIDS. Here we report
that uninfected infant rhesus macaques exhibited a higher physiological baseline
monocyte turnover rate than adults. Furthermore, once infected with SIV, infants dis-
played further increased monocyte turnover that may have facilitated the acceler-
ated progression to AIDS. These results support a role for monocytes and macro-
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phages in the pathogenesis of SIV/HIV and begin to explain why infants are more
prone to rapid disease progression.

KEYWORDS AIDS, macrophages, pediatric infectious disease, simian
immunodeficiency virus

he use of antiretroviral therapies (ART) has dramatically reduced mother-to-child

transmission (MTCT) of human immunodeficiency virus (HIV) infection in developed
countries (1-3). However, there are still many obstacles to preventing MTCT in devel-
oping countries where ART is unavailable and few alternatives to breast-feeding exist.
Neonatal HIV infections are often associated with a more rapid disease progression and
a higher mortality rate than with adult infections. Two distinct patterns of disease
progression are observed in untreated, HIV-infected children. In the first pattern, approx-
imately 50% of children develop serious disease and die by 2 years of age (4, 5). In the
remaining group, infected children express significantly higher levels of virus replica-
tion than adults, develop a slower onset of disease, and may survive until adolescence
(6). A better understanding of the mechanisms underlying the pathogenesis and risk
factors associated with HIV infection that are unique to neonates and young children
is essential for the development of effective intervention strategies.

HIV and simian immunodeficiency virus (SIV) target activated memory CCR5* CD4+
T cells that become rapidly depleted during the acute phase, especially in mucosal
tissues such as the intestine (7-9). After an initial immune response that reduces viral
load and partially restores CD4" T cell levels in adults, virus persistence and the slow
continuous decline of CD4™ T cells eventually contribute to terminal disease progres-
sion to AIDS, with a median survival of 11 years without treatment (9, 10). In contrast
to the case with adults, CCR5* CD4™* T cells are dramatically absent in the blood and
lymph nodes (LNs) of infants (11), and HIV/SIV infections in human and rhesus macaque
infants progress more rapidly than in adults, with onset of AIDS within 2 years and
onset of simian AIDS by 6 months of age, respectively (12, 13). Rhesus infants did
exhibit an increased number of activated memory CCR5* CD4 ™" T cells in the gut, and
these cells serve as major targets of SIV infection, resulting in their subsequent
depletion (11, 13, 14). In addition, these intestinal CD4" T cells exhibited a markedly
high proliferating capability (13). Despite the presence of this CCR5+ CD4 " T cell subset
in the gut, the majority of CD4™ T cells in neonates exhibit a naive phenotype and are
skewed functionally toward immune tolerance (14-18). In light of these phenotypic and
functional differences, along with the higher CD4™ T cell levels in children than in
adults, the age-related declines of CD4™ T cells in infants (19-21), an overall lower
number of activated memory target cells in neonates than in adults, and no strong
evidence indicating higher systemic CD4* T cell depletion in infants (22-24), it remains
unclear what is driving the faster and more severe disease progression in pediatric
cases. This highlights the importance of further defining T cell immune responses in HIV
progression as well as the response of other immune cells that are targeted by infection
such as macrophages.

Relatively less is known about the contribution of monocytes and macrophages to
AIDS pathogenesis. Macrophages can express the receptors necessary for viral entry of
HIV, including CD4, CCR5, and CXCR4, and macrophages support infection in vivo to
various degrees based on tissue sites (25, 26). Also, we reported previously that
increased monocyte turnover better predicts onset of terminal disease progression in
adults than declining levels of CD4™ T cells alone (27, 28). Furthermore, we observed
increased monocyte trafficking from bone marrow to blood and their subsequent
differentiation into macrophages in peripheral tissues, including LNs, central nervous
system, and lung, during SIV infection in adult rhesus macaques (29-31). This increase
in monocyte turnover, recruitment, and differentiation correlated with the rate of
progression to AIDS, severity of lung tissue damage, and SIV encephalitis (29-31).
Monocytes and tissue macrophages participate in innate immune responses via rec-
ognition and phagocytosis of invading pathogens and secretion of inflammatory
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cytokines and chemokines. Macrophages also serve as targets of HIV/SIV infection and
contribute to pathogenesis as represented by giant cell pneumonia and AIDS enceph-
alitis during late-stage infection (30, 32, 33). Furthermore, massive macrophage infec-
tion is observed in cases of rapid AIDS progression with sustained high viral loads
during SIV/SHIV infection of adult macaques, as well as in SIV-infected rhesus macaques
depleted of CD4* T cells (29, 30). Taken together, the findings led us to hypothesize
that the rapid AIDS progression in HIV/SIV-infected infants is associated with macro-
phage infection and destruction followed by increasing monocyte turnover to recruit
and replace the damaged tissue macrophages. The purpose of this study was to
characterize the frequencies and phenotypes of monocytes and macrophages during
AIDS disease progression in newborn and infant rhesus macaques infected with
SIV.,ac251- The results indicated that in addition to CD4™ T cells, infection of monocytes
and macrophages was critical for rapid progression to AIDS in pediatric cases.

RESULTS

High baseline monocyte turnover in uninfected infants compared to adult rhesus
macaques. To compare baseline blood monocyte turnover, 5’-bromo-2'-deoxyruridine
(BrdU) or 5-ethynyl-2"deoxyuridine (EdU) was administered by intravenous (i.v.) injec-
tion to young rhesus macaques aged 2 to 189 days (Table 1). Blood samples were
collected 24 h later (or as otherwise noted) to detect BrdU incorporation by dividing
cells to measure monocyte turnover using flow cytometry as previously described (28).
As shown in Fig. 1A, the median monocyte turnover in the uninfected neonate and
infant macaques was 15.9% (lower and upper quartile range, 9.46% to 21.65%),
compared to 2.9% (lower and upper quartile range, 1.84% to 5.15%) in the uninfected
adults, which was statistically significantly higher (Mann-Whitney U test, P < 0.0001,
two-tailed t test). Furthermore, 19 out of 25 (76%) of the uninfected infants exhibited
greater than 10% BrdU™ monocytes (CD3~ CD20~ CD8~ HLA-DR* CD14%), compared
to only 1 of 15 (6.7%) uninfected adults. An inverse correlation also was observed
between decreasing monocyte turnover and increasing age until reaching 100 to 120
days of age (r = —0.4225; P = 0.012), indicating that a normal adult physiological
monocyte turnover appeared to develop at about 3 months of age (Fig. 1B). For further
corroboration, monocyte turnover was followed longitudinally in three infant ma-
caques. Over the span of a year, BrdU was administered every 4 to 6 weeks, followed
by flow cytometric monitoring of monocyte turnover 24 h after each BrdU injection
based on monocyte BrdU incorporation kinetics established in earlier studies (28).
Monocyte turnover rates after birth ranged from 18.1 to 24.8% and decreased to 5 to
8% in all animals within 6 months of age (Fig. 1C).

During homeostasis, the majority of monocytes from humans and rhesus macaques
stain CD14+ CD16~ (34), but CD16 expression on monocytes increases under inflam-
matory conditions (35-37). We thus investigated the frequency of CD16-expressing
monocytes as an indirect indicator of monocyte activation in infant macaques. CD16
expression was higher in the animals aged 1 to 8 days old (median = 30.39%; lower and
upper quartile range, 14.11 to 40.97%) than in older infants (median = 15.14%; lower
and upper quartile range, 12.32 to 18.66%) and adults (median = 7.92%; lower and
upper quartile range, 4.43 to 12.4%) (Fig. 1D and E).

SIV infection in infant macaques led to further increases in monocyte turnover
and rapid progression to AIDS. Since increased monocyte turnover correlated with
AIDS disease progression in SIV-infected adult rhesus macaques (28), we examined
whether higher initial baseline monocyte turnover rates would be reflected in the rapid
disease progression in infants. Newborn rhesus macaques were inoculated i.v. with a
pathogenic SIV strain (SIV,,,,c>51) Within 24 h of birth and euthanized at specified time
points regardless of disease progression status (Fig. 2A and B; Table 1). Two of those
animals, JL94 and JRO1, were monitored to confirm an overview of disease progression
depicted by single time point from each infected neonate until exhibiting AIDS-related
clinical signs (e.g., weight loss and diarrhea) and euthanized on days 75 and 56
postinfection, respectively (Fig. 2A and B). Consistent with previously reported studies
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TABLE 1 Summary of study pediatric rhesus macaques®
BrdU data Age (days) when BrdU Age (days) No. of wks Pl when

for Ul data were obtained at SIv BrdU or EdU data
Animal ID animals for Ul animals infection were obtained
GN99 v 3
JR85 v 4
JT32 v 8
GB15 v 12
GA98 v 14
EC73 v 21
DP44 v 21
Vo4 v 21
V96 v 21
JG22 v 43
GA24 v 50
1A09 v 132
1G61 v 134
1G58 v 137
GB18 v 186
HT46 v 187
JR56 v 8, 36, 91, 133, 190
V20 v 1,29, 57, 83
JH74 v 75,133,174, 378
FT82 1 0
FP86 0 1
HC17 1 1
GG9%4 1 1
GL48 1 2
GN84 1 2
FP81 0 2
GP20 1 3
DP53 0 3
DP62 0 3
GL06 1 10
HP55 1 11
GH11 1 15
JL94 0 0,4,6,10
JRO1 0 0,45
KI13 v 4 5
JF87 v 53 78 2,8, 14, 22
JG9%4 v 94 136 2, 8,14, 23, 31, 37,
43, 49, 55, 63, 71,
75
JD31 v 98 123 2, 8,14, 22, 30, 47
JA96 v 105 130 2,8,11, 30

alD, identifier; Ul, uninfected; PI, postinfection.

(13, 14) peak plasma viral loads in the newborn macaques were greater than 107 SIV
RNA copies/ml plasma and levels of virus remained high throughout the course of
infection (Fig. 2A).

In vivo BrdU pulse studies were performed to compare monocyte turnover in adult
and newborn rhesus macaques at time points before infection, during acute, chronic,
and AIDS stages of SIV infection, and at euthanasia. At peak viremia during the acute
phase, or approximately 2 weeks after SIV infection, the monocyte turnover rates were
significantly higher in newborns, with a median of 35.6% (Fig. 2B and C), compared to
a median of 11.5% in four infected adults (P = 0.0303). The high monocyte turnover
rate observed in neonates during acute infection was equivalent to levels reached only
during the terminal stages of AIDS in the SIV-infected adult macaques, which exhibited
a 46% median monocyte turnover rate (Fig. 2C) (28).

Newborns differed from adult macaques in the kinetics of monocyte turnover
during the overall course of infection. Prior to infection, the baseline monocyte
turnover was already significantly higher in the neonates (median = 16.2%) than in the
adults (median = 2.9% [Fig. 2B and C]). The monocyte turnover increased further after
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FIG 1 High monocyte turnover in uninfected infant rhesus macaques. BrdU incorporation was analyzed at 24 h by
multicolor flow cytometry to determine the percentage of BrdU* monocytes (HLA-DR* CD3~ CD8~ CD20~ CD14").
Monocyte turnover rates were compared between infant rhesus macaques and adult rhesus macaques (A),
examined in 20 uninfected macaques ranging from 3 to 190 days of age (B), and monitored longitudinally in three
rhesus macaques every 4 to 6 weeks (C). The frequency of CD16* CD14+ monocytes was analyzed (D and E). (D)
Representative flow cytometry data in infant rhesus macaques. (E) Comparison of the frequency of CD16+ CD14*
monocytes among neonates, older infants, and adults. Measures of statistical significance were assessed by
two-tailed Mann-Whitney U test (A) and Spearman correlation analysis (B) and Kruskal-Wallis test corrected for
multiple comparisons using Dunn’s posttest (E). *, P < 0.05; ***, P < 0.001.

SIV infection in the infected neonates during the acute peak viremia stage and during
progression to AIDS (median = 36.8%). In contrast, the monocyte turnover in infected
adults returned to near baseline levels after peak viremia acute stage, slightly increased
during the chronic stage (median = 6.43%), and then increased significantly only
during AIDS (Fig. 2C). In general, onset of AIDS-related clinical signs in the SIV-infected
adult macaques occurred when the monocyte turnover rate reached ~20%. In contrast,
the turnover rate in the neonates originated at ~20% and further increased after
infection. Interestingly, the absolute numbers of blood monocytes were not signifi-
cantly different before or after SIV infection in the newborn macaques, despite in-
creased output of monocytes from bone marrow (Fig. 2D). Furthermore, the absolute
number of monocytes in the neonates and infants were similar to numbers found in
adult rhesus macaques in previous work (28).

Increased accumulation and apoptosis of CD163+ macrophages in the LNs of
SIV-infected newborn macaques. We then investigated if circulating monocytes
undergoing physiologically higher turnover in uninfected neonates were massively
migrating into peripheral tissues. Tissues from axillary LNs, intestines (jejunum), and
lungs were collected from an uninfected neonate at necropsy that was performed 48
h after the final BrdU i.v. injection to enable detection of migrating and differentiating
monocytes. Blood monocytes and tissue macrophages were identified for expression of
CD163 (scavenger receptor) and CD206 (mannose receptor) (Fig. 3). Blood monocytes
expressed the phenotype CD163+ CD206~, and over 40% stained for BrdU incorpora-
tion 48 h after BrdU administration. Tissue macrophages were contained in the lineage-
negative HLA-DR* fraction, and at least three distinct populations were identified
by CD163 and CD206 expression: CD163" CD206~, CD163* CD206", and CD163~
CD206™". As described on the basis of our previous work using adult rhesus macaques
(35), the majority of the BrdU* cells were in the CD163+ CD206~ population, suggest-
ing that these macrophages most recently differentiated from immigrating monocytes.
Fewer BrdU™ cells stained CD163" CD206% and appeared to be mature and/or
differentiated macrophages. Finally, the CD163~ CD206* cells expressed CD11bdim/low,
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FIG 2 SIV infection in newborn macaques induced rapid increases in monocyte turnover and disease progression to AIDS. (A)
Plasma viral loads (PVL) in 15 infant macaques infected within 24 h of birth as well as the mean PVL of four infected adult
macaques (dashed line) were plotted. (B) BrdU incorporation was evaluated for monocyte turnover at 24 h. Blood monocyte
turnover rates were measured every 4 to 6 weeks during the course of infection in neonates JL94 (solid circles) and JRO1 (solid
squares) until progression to AIDS, and at necropsy in 13 other infected macaques (open symbols). Mean monocyte turnover
rates (i.e., percent BrdU* CD14" monocytes) of the four infected adults are shown for comparison (dashed line). (C) Statistical
significance of comparisons between monocyte turnover rates of newborn and adult rhesus macaques before infections (UN,
uninfected) and during acute, chronic, and AIDS stages of SIV-infected macaques were determined by Kruskal-Wallis test
corrected for multiple comparisons using Dunn’s posttest. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) Absolute counts of
monocytes in uninfected and SIV-infected infant macaques were compared by Mann-Whitney U test and were not significantly
different.

in contrast to high CD11b expression in the other two populations (CD163* CD206~
and CD163* CD206™), exhibited negligible staining with BrdU, and thus were consid-
ered to be tissue resident macrophages or dendritic cells, as reported previously
(38-42).

We next investigated the kinetics of intestinal macrophage population shifts in SIV-
infected compared to uninfected infants by flow cytometry. Intestinal tissues are consid-
ered a primary site of HIV/SIV infection and exhibit dramatic pathological changes
throughout the course of infection (7, 8). The majority of macrophages were identified
as the CD163™ CD206™ cells in the CD11bPigh HLA-DR™ cell fraction (Fig. 4A) and were
localized in the lamina propria of the intestinal tissues (Fig. 4B). A small proportion of
CD163" CD206~ macrophages was detected in the intestinal tissues of naive infants, as
well (Fig. 3A and 4Q). Early after SIV infection (12 days postinfection) in the newborn
macaques, there was a dramatic decline in CD163+ CD206* macrophages in both the
jejunum and colon (Fig. 4C), similar to the depletion of this macrophage cell subset that
occurs in infected adults at the terminal stage of AIDS and briefly during the acute
stage. In infants before and during SIV infection, there was a direct correlation between
the percentages of CD163* CD206~ macrophages and blood monocyte turnover rates,
suggesting that these macrophages recently differentiated from the immigrating blood
monocytes.

In axillary LNs, CD163* CD206~ macrophages were localized in the subcapsular
sinus, while the CD163* CD206% macrophages and CD163~ CD206" macrophages
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FIG 3 Phenotype and turnover of tissue macrophages in an uninfected rhesus macaque. A rhesus
macaque was injected with BrdU at 5 days of age and necropsied at 7 days of age. (A) Isolated cells from
tissues were analyzed by flow cytometry. The HLA-DR* fraction was analyzed for CD163 and CD206
expression. (B) The percentage of each monocyte/macrophage subset that incorporated BrdU from each
tissue was graphed in comparison to blood monocyte turnover.

were localized in the medulla (Fig. 5A to P). The number of CD163+ CD206~ macro-
phages in the subcapsular sinus regions of the axillary LNs of SIV-infected infants with
massive monocyte turnover was significantly higher (median = 281/0.14-mm? area)
than in the uninfected infants (median = 156.4/0.14-mm?2 area) (Mann-Whitney U test,
P = 0.0317, two tailed) (Fig. 5A to H and Q). In the medulla of the axillary LNs of
SIV-infected infants, no significant change was observed in the number of CD163*
CD206" macrophages compared to that of uninfected infants (Fig. 5M to P).

More BrdU (green)-labeled cells also were observed in the LNs of SIV-infected
infants, and the majority of BrdU™ macrophages were CD163* CD206~ (Fig. 5). Since
BrdU incorporation is a marker of dividing cells, it is likely that BrdU+ CD163* CD206~
cells proliferated locally as a consequence of tissue activation or inflammation (43).
Therefore, we injected two of the SIV-infected infants with BrdU 24 h prior to necropsy
to identify recently divided cells. Only 2.1% and 5.0% of the CD163" CD206~ macro-
phages incorporated BrdU, even though the blood monocyte turnover rates were very
high, at 39.3% and 42.2%, respectively (Fig. 5R). In two SIV-infected infants administered
BrdU 48 h prior to necropsy, BrdU incorporation by CD163+ CD206~ macrophages was
dramatically higher, at 16.6% and 15.7% (Fig. 5R). These results suggest that the
accumulation or increased number of CD163" CD206~ macrophages in the axillary
lymph nodes resulted from recently immigrating monocytes accompanied by increased
monocyte turnover in the blood of SIV-infected infants.

To investigate the fate of accumulated macrophages and the mechanism of high
monocyte turnover, the rate of tissue macrophage cell death was analyzed by staining
for terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) in the LNs
obtained from SIV-infected and uninfected infants (Fig. 6A to F). The percentage of
TUNEL™ CD163™" cells observed in the SIV-infected (median = 10.5%) compared to
uninfected infants (median = 0%) was significantly higher (Mann-Whitney U test, P =
0.0079, two tailed), and there also was a direct correlation between the percentage of
TUNEL™ CD163* cells and numbers of CD163" cells in LNs, providing a direct link
between increased death rate of tissue macrophages and higher blood monocyte
turnover (Fig. 6G and H).

Infant macaques infected at 3 to 4 months of age showed an intermediate disease
progression phenotype compared to those of newborns and adults. We next com-
pared findings from neonatal infected macaques expressing persistent high plasma
viral loads and high monocyte turnover rates to results from infant macaques infected
at 3 to 4 months of age, when physiological monocyte turnover rate was declining and
transitioning toward adult physiological monocyte turnover rates (Fig. 1C). Prior to
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FIG 4 Loss of CD163+ CD206" macrophages and accumulation of EdU* CD163* macrophages in intestinal tissues after SIV
infection in infant macaques. (A) Intestinal macrophages were identified by multicolor flow cytometry. CD3+ and CD20+ cells were
excluded and macrophages were selected based on staining HLA-DR* CD11b*. (B) Confocal microscopy demonstrated that the
majority of macrophages in the lamina propria stained CD163* CD206". (C) Cells were analyzed for CD163 and CD206 expression,
and the double-positive cells were identified as the intestinal macrophages. Intestinal macrophage phenotypes were compared
in uninfected and SIV-infected infant macaques. A loss of CD163* CD206* and accumulation of CD163+ CD206~ macrophages
were observed to occur in the jejunum and colon after SIV infection. This accompanied an increase in the percentage of CD163+
CD206~ macrophages in the jejunum and colon that incorporated EdU.

infection, four infants at 3 to 4 months of age had monocyte turnover rates ranging
from 8.92% to 23.4% (median of 21.1%; lower and upper quartile range, 11.87% to
22.93%) (Fig. 7B and C). Of these four infants, JA96 and JF87 showed plasma viral loads
similar to those of newborns and progressed to AIDS by 20 weeks after infection (Fig.
7A). In the remaining two infants (JD31 and JG94), plasma SIV loads more closely
resembled those seen in adults, and their infections transitioned to the chronic phase
rather than progressing directly to overt AIDS (Fig. 7A). JD31 died from a non-SIV/AIDS-
related condition at 30 weeks, and JG94 was euthanized 75 weeks after infection
without yet exhibiting AIDS-related clinical signs. Monocyte turnover after SIV infection
in the 3- to 4-month-old infants dramatically increased, reaching a median of 47.5%
(lower and upper quartile range, 37.33% to 52.65%) during the acute phase (2 weeks
postinfection), which was similar to that seen in the infected newborns, but subse-
quently declined to a median of 14.9% (lower and upper quartile range, 9.71% to
23.6%) (Fig. 7B and C) at 8 weeks postinfection. The monocyte turnover increased again
in the infants infected at 3 to 4 months of age, when they were exhibiting clinical signs
associated with AIDS (Fig. 7B). Similar to the data obtained for newborns, increases in
monocyte turnover were not reflected in absolute number of circulating monocytes
(Fig. 7D).

Increased infection of macrophages occurred in SIV-infected infants express-
ing elevated monocyte turnover. Immunohistochemistry was then applied to detect
SIV replication within CD3* T cells and CD163" macrophage cell subsets in the LNs,
intestines, and lungs of six SIV-infected newborns and infant macaques (Fig. 8). Three
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FIG 5 CD163" macrophages accumulated in LNs of SIV-infected infants. Tissue sections of axillary LNs were examined by
immunohistochemistry using antibodies to detect BrdU (green), CD163 (red), and CD206 (blue). Representative confocal
images of subcapsular and medullar regions of LNs are shown for two SIV-infected infants (A, E, I, and M for infant JL94 and
B, F, J, and N for infant JRO1) and two uninfected naive infants (C, G, K, and O for infant JR56 and D, H, L, and P for infant JV20).
Images in panels A to D and | to L are at a magnification of X20, and those in panels E to H and M to P are at a magnification
of X40. (Q) Significant differences were detected between the numbers of CD163+ cells per field in LNs of SIV-infected
compared to uninfected infants by two-tailed Mann-Whitney U test. (R) Dividing cells in LNs were detected 24 and 48 h after
BrdU injections. Numbers of BrdU* CD163* macrophages were reported as a percentage of total CD163* macrophages.
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FIG 6 Increased apoptosis of CD163* CD206~ early macrophages was observed in LNs of SIV-infected
infant macaques. Axillary or inguinal LNs were stained for TUNEL (green), CD163 (red), and CD206 (blue).
Representative images are shown for two SIV-infected infants (JL94 in panels A and C and JRO1 in panels
B and D) and two uninfected infants (JV20 in panel E and EC72 in panel F). (G) Mann-Whitney U test (two
tailed) was used to compare TUNEL* CD163* cells in LNs of uninfected (UN) and SIV-infected infants. (H)
Spearman analysis demonstrated a statistically significant direct correlation between the total numbers of
CD163* macrophages and percentage of TUNEL™ CD163* macrophages in LNs of infected infant
macaques.

of these infected infant macaques, JA96, JL94, and JRO1, were rapid progressors, with
onset of disease occurring by 11 weeks postinfection, while the remaining animals,
JF87, JD31, and KI13, survived longer than 6 months and/or died due to non-AIDS-
related causes. SIV-infected cells were detected in LNs of all SIV-infected infants, while
infected cells in the jejunum and colon were observed mainly in the rapid progressors
and at lower numbers in the lung among all animals (Fig. 8G). Importantly, although the
number of subjects was quite limited, the majority of SIV-infected cells in the rapid
progressors were not CD3* T cells but instead exhibited macrophage morphology and
expressed CD163 (Fig. 8).

DISCUSSION

SIV-infected newborn rhesus macaques rapidly progressed to AIDS after the acute
stage of infection, unlike adult rhesus macaques, which transitioned from acute to
chronic SIV infection before developing AIDS. Since macrophage infection and apop-
tosis in conjunction with increasing monocyte turnover and immigration to peripheral
tissues occurred during terminal disease in adult SIV-infected rhesus macaques (28-30),
we considered whether monocyte and macrophage functions in neonates and infants
may affect the more rapid disease progression observed in the younger animals.
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FIG 7 Longitudinal course of changes observed during progression to AIDS in infant macaques infected with
SIV,.c051 @t 3 to 4 months of age. (A) PVL in four infant macaques infected with SIV,,,,.,s, were plotted as well as
the mean PVL of four infected adult macaques (dashed line). (B) BrdU incorporation was evaluated for monocyte
turnover at 24 h. Blood monocyte turnover rates were measured every 4 to 6 weeks during the course of infection
until progression to AIDS or at indicated time points (dagger). Mean monocyte turnover rates (i.e., percent BrdU*
CD14* monocytes) of the four infected adults are shown for comparison (dashed line). (C) Statistical analysis of
monocyte turnover rates in infant macaques was performed by Kruskal-Wallis test corrected for multiple compar-
isons using Dunn’s posttest. *, P < 0.05. UN, preinfection; pi, postinfection. (D) Absolute counts of monocytes.

We first observed that naive non-SIV-infected neonate and infant macaques inher-
ently exhibited a higher monocyte turnover rate than that observed in uninfected adult
rhesus macaques, and by approximately 6 months of age, the monocyte turnover rate
reached that observed in adults (Fig. 1). Increases in monocyte turnover rates also have
been reported after experimental induction of inflammation, and the majority of
monocytes immigrating to the site of inflammation were differentiating into macro-
phages (44-46). Experimental depletion of resident cells further demonstrated that
circulating monocytes could reconstitute the tissue macrophages (47-51). It is thus
plausible that the high monocyte turnover observed in infants may reflect a faster
migration or trafficking of monocytes that will populate and differentiate into tissue
macrophages. Another explanation could be that innate immune responses are accel-
erated to compensate for an immature adaptive immune system. Newborns experience
an onslaught of new antigenic exposures after birth and the massive monocyte activation
could be required to help control or limit these early infections. For example, the
frequency of CD16% CD14+ monocytes was higher in newborn macaques during the
first week of life than at any other age, including older infants and adults (Fig. 1D and
E). CD16™ CD14* monocytes increased not only during SIV/HIV infection but also after
other various microbiological infections (52-54). These monocytes possess activated
and proinflammatory properties, such as high soluble CD163 production concomitant
with increased turnover rates (55) and high CXCL10 expression in secondary lymphoid
tissues (56). These activated monocytes also could be more susceptible to SIV infection,
which may account for the more rapid propagation of virus during the acute phase.
This agrees with previous reports demonstrating that monocytes and macrophages
obtained from neonates were more susceptible to HIV infection in vitro (57, 58).

While a further elevated monocyte turnover rate from physiological baseline was
observed in SIV-infected infant macaques soon after infection, monocyte turnover in
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FIG 8 Massive macrophage infection was observed in rapidly progressing SIV-infected pediatric macaques. Tissues obtained at necropsy
were stained for SIV Env (KK41), CD163 (macrophages), and CD3 (T cells). Low- and high-magnification images, respectively, of jejunum (A
and D), LN (B and E), and lung (C and F) are shown for animal JA96. Arrows and arrowheads indicate SIV-infected CD3* T cells and CD163*
macrophages, respectively. Asterisks mark SIV* CD3~ and CD163~ cells. (G) The numbers of SIV-infected CD3* T cells, CD163*
macrophages, and CD3~ CD163~ cells per field were graphed for three rapid progressor (JA96, JL94, and JRO1) and three conventional
progressor (JF87, JD31, and KI13) infants.

newborn macaques was different from that in older infants during chronic phases of
disease (Fig. 2 and 7). The consistently elevated monocyte turnover rate could be
responsible for the rapid disease progression seen in newborns. It is important to
delineate reasons why SIV-infected newborns more preferentially retained increased
monocyte turnover over the older age group. Whereas increased monocyte turnover in
acute phase of infection might be due to developmental needs of a growing neonate
and maturing immune system, persistently high monocyte turnover in the chronic
phase might induce AIDS-related diseases. If we can elucidate the role these cells play
developmentally, as well as over the course of infection in infants, we may be able to
target monocytes/macrophages for treatment. Therapeutic interventions could include
initiation of ART at specific times based on the level of monocyte turnover (macrophage
infection) or application of drugs that modify macrophages to become more resistant
to HIV infection. Macrophages could also be targeted via drug delivery by using either
liposomal bisphosphonates or nanoparticles carrying the drugs of interest.

We also observed that macrophages in various tissues produced high levels of SIV
in the infant macaques (Fig. 8). Such massive infections in macrophages were also
reported for pathogenic experimental models of infection with simian-human immu-
nodeficiency virus (SHIV) (59), SIV 660 OF SIVimesas in rapid progressors (60), and
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SIV 25 after anti-CD4™ antibody treatment (61). In these studies, infected adult
animals advanced to AIDS more rapidly, maintained high viral levels after reaching peak
viremia, and failed to reduce viral levels for achieving a typical set point during chronic
stage of infection, similar to what was observed in SIV-infected newborn macaques.
Thus, these results further implicate macrophages as a site of viral replication, which
may explain the persistent high plasma viral levels as well as contribute to pathogen-
esis in the setting of rapid disease progression in infant rhesus macaques.

A consequence of virus infection and the loss of the predominant population of
CD163* CD206™ macrophages in neonatal tissues may be acceleration of the onset of
clinical signs associated with AIDS. One of the rapid progressor infants, JA96, exhibited
a massive proportion of SIV-infected macrophages in all of tissues examined, and
severe SlV-associated lesions were observed in brain (data not shown). Three of the
SIV-infected rapid progressors also exhibited severe colitis. Since microbial transloca-
tion from damaged or dysregulated intestinal tissue could increase host susceptibility
to additional pathogens, the loss of macrophages, in addition to declining CD4™ T cells
caused by SIV infection, may cripple adaptive and innate immune responses, providing
an environment more prone to opportunistic infections.

In summary, results from these studies identified a higher physiologic baseline
monocyte turnover rate in the younger animals than in adults, which may reflect a less
mature innate immune system and greater susceptibility to SIV pathogenesis. SIV
infection of these younger animals induced further increases in monocyte turnover
rates in conjunction with tissue macrophage infection and destruction. Continuously
immigrating and differentiating monocytes to replace the damaged tissue macro-
phages thus may have promoted the continued increasing monocyte turnover and
subsequent rapid disease progression. Taken together, these results advocate for
monocyte and macrophage participation in the rapid disease progression of pediatric
HIV/SIV infections and support studies to target innate immune mechanisms to reduce
pathogenesis.

MATERIALS AND METHODS

Rhesus macaques and SIV infection. Thirty-nine infant rhesus macaques specific pathogen free for
SIV, type D simian retrovirus, herpes B virus, and simian T-cell leukemia virus type 1 from the Tulane
National Primate Research Center were used in this study (Table 1). Newborn macaques were removed
from their mothers, reared in an animal biosafety level 2 (ABSL2) nursery, and studied in accordance with
the standards of the Guide for the Care and Use of Laboratory Animals (62) and with approval by the
Institutional Animal Care and Use Committee of Tulane University. Animals were inoculated intrave-
nously with 100 50% tissue culture infective doses (TCID5,) of SIV,, .5, Within 24 h of birth (n = 15) or
between 53 and 105 days of age (n = 4). Humane euthanasia was conducted at the scheduled time
points and/or when warranted by manifestations of clinical AIDS or morbidity as indicated in Table 1.
Neonates were defined as less than 1 month of age, and infants were defined as less than 1 year old.

BrdU/EdU injections. To monitor cell turnover, thymidine analogues BrdU (Sigma-Aldrich) and EdU
(Invitrogen) were used as described previously (39). Blood samples typically were collected 24 h after
BrdU inoculations (or as indicated) to examine cell turnover of leukocytes. At the end of the study, tissues
were collected 24 h or 48 h after BrdU or EdU inoculation at necropsy.

SIV quantification. Plasma viral RNA loads were measured by a branched-DNA amplification assay
(Siemens Diagnostics Clinical Laboratory) or real-time quantitative PCR targeting the SIV .30 gag
sequence (63).

Cell isolation from tissues. Immune cells from intestinal tissues were isolated as described previ-
ously (14, 64), with some modifications. Briefly, excised sections of tissue were treated with 5 mM EDTA
and Hanks' balanced salt solution to remove intestinal epithelial lymphocytes and then digested with
collagenase type Il (Sigma-Aldrich) in RPMI 1640 supplemented with 5% fetal bovine serum (FBS) to
isolate leukocytes in the intestinal lamina propria. Leukocytes were purified by Percoll density gradient
(35% and 60%) centrifugation (800 X g) for 20 min at 4°C. Immune cells from spleen and inguinal or
axillary LNs were isolated by gentle mincing and digestion with collagenase type IV (Worthington) in
RPMI 1640 supplemented with 5% FBS, followed by removal of residual red blood cells by treatment with
ACK lysing buffer (Lonza).

Flow cytometry. Blood and tissue cells were stained for 10-color flow cytometric analysis, and the
following monoclonal antibodies (MAbs) were used: CD3-Alexa Fluor 700 (AF700) and -Pacific Blue (PB)
(SP34-2), CD4-peridinin chlorophyll protein (PerCP)-Cy5.5 (L200), CD8-V500 (SK1), CD11b-AF700 (clone),
CD14-PB (M5E2), CD16-allophycocyanin (APC)-H7 (3G8), CD20-APC-H7 (2H7), CD95-APC (DX2), CD206-
APC (19.2), HLA-DR-phycoerythrin (PE)-Cy7 (L243), BrdU-fluorescein isothiocyanate (FITC), CD20-
electron-coupled dye (ECD) (B9E9), CD28-ECD (28.1), and CD163-PE (Mac2-158). The MAbs were obtained
from BD Biosciences, Beckman Coulter, and Trillium. Surface-stained cells were permeabilized by se-
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quential incubations with BD Cytofix/Cytoperm buffer (BD Biosciences) and DNase treated at 37°C for 1
h, followed by staining with FITC anti-BrdU. Cells were resuspended in phosphate-buffered saline (PBS)
containing 1% formaldehyde and acquired on an LSR II, LSR Fortessa, or FACS Aria (BD Biosciences). The
data were analyzed using FlowJo software (TreeStar).

Immunohistochemistry and confocal microscopy imaging. Formalin-fixed, paraffin-embedded

tissues from animals were sectioned at a thickness of 7 um. The following primary antibodies (Abs) were
used: anti-CD163 mouse monoclonal antibody (10D6; Novocastra), anti-CD206 rabbit polyclonal antibody
(Sigma-Aldrich), and anti-CD3 rabbit polyclonal antibody (Dako). Anti-BrdU rat monoclonal antibody
(BU1/75; Novus) was used for staining the tissue sections, followed by incubation with AF488-, AF568-,
or AF633-conjugated secondary antibodies (1:1,000; Invitrogen). To maximize the SIV signal, a tyramide
signal amplification (TSA) kit (Invitrogen) was used, followed by staining with anti-SIV gp160/gp41 mouse
monoclonal antibody (KK41; NIH AIDS Reagent Program). Apoptotic cells were detected with an ApopTag
Plus Fluorescein In Situ Apoptosis Detection kit (Millipore) for terminal deoxynucleotidyltransferase dUTP
nick end labeling (TUNEL). Confocal microscopy was performed using a Leica TCS SP2 confocal micro-
scope (Leica Microsystems). Adobe Photoshop (Adobe Systems) was used to assign colors to the three
channels collected (AF633 [blue], AF568 [red], and AF488 or fluorescein [green]). NIH Image (version 1.62;
NIH) was used to count cells in images. Cells were manually counted in five randomly selected fields with
an area of 0.14 mm?2 each per tissue section, and the mean numbers of cells were reported.

Statistical analysis. The Mann-Whitney test was used to compare two unmatched treatment groups.

The Kruskal-Wallis test was applied to compare more than two unpaired groups, followed by Dunn’s
posttest. Spearman nonparametric analysis was applied for assessing correlations. GraphPad Prism 6.0
software for Mac (GraphPad, San Diego, CA) was used to analyze data and prepare figures. A P value of
<0.05 was considered statistically significant.
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