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Ebola virus (EBOV) disease is characterized by lymphopenia, breach in vascular integ-
rity, cytokine storm, and multiorgan failure. The pathophysiology of organ involve-
ment, however, is incompletely understood. Using ['®F)-DPA-714 positron emission
tomography (PET) imaging targeting the translocator protein (TSPO), an immune cell
marker, we sought to characterize the progression of EBOV-associated organ-level path-
ophysiology in the EBOV Rhesus macaque model. Dynamic ['*F]-DPA-714 PET/com-
puted tomography imaging was performed longitudinally at baseline and at multiple
time points after EBOV inoculation, and distribution volumes (Vt) were calculated as a
measure of peripheral TSPO binding. Using a mixed-effect linear regression model,
spleen and lung Vt decreased, while the bone marrow Vt increased over time after infec-
tion. No clear trend was found for liver Vt. Multiple plasma cytokines correlated
negatively with lung/spleen Vt and positively with bone marrow Vt. Multiplex immu-
nofluorescence staining in spleen and lung sections confirmed organ-level lymphoid
and monocytic loss/apoptosis, thus validating the imaging results. Our findings are con-
sistent with EBOV-induced progressive monocytic and lymphocytic depletion in the
spleen, rather than immune activation, as well as depletion of alveolar macrophages in
the lungs, with inefficient reactive neutrophilic activation. Increased bone marrow Vt,
on the other hand, suggests hematopoietic activation in response to systemic immune
cell depletion and leukocytosis and could have prognostic relevance. In vivo PET imag-
ing provided better understanding of organ-level pathophysiology during EBOV infec-
tion. A similar approach can be used to delineate the pathophysiology of other systemic
infections and to evaluate the effectiveness of newly developed treatment and vaccine
strategies.
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The Ebola virus (EBOV) is an extremely virulent pathogen with a very high mortality
rate. The 2014 outbreak of EBOV in western Africa led to over 28,000 cases and
11,000 fatalities (1), with more recent resurgences reported in the Democratic Republic
of the Congo and Guinea (2, 3).

EBOV has been shown to possess broad cell tropism and once inside the host, it
infects multiple cell types and undergoes replication (4-7). It’s been shown that early
infection of macrophages, dendritic cells, and monocytes is largely responsible for the
systemic dissemination of the virus (8, 9). Clinically, following a brief incubation,
EBOV infection causes acute fever, fatigue, dyspnea, vomiting, diarrhea, headaches,
hypovolemia, and eventually multiorgan failure that generally leads to death about 7 to
14 d after the onset of symptoms (10-16). Despite differences in infection routes, the
disease progression of EBOV disease in macaques has been found to closely mirror that
of human disease and has been shown to be a good model to study the pathogenesis of
EBOV (8).

At the molecular level, EBOV infection is characterized by a late-stage sustained
inflammatory response in the form of a “cytokine storm” (9, 17-19). Previous studies
using macaques have shown that the secretion of cytokines and chemokines, such as
MIP-1a, MIP-1f, TNF, and interleukin (IL)-6 after initial infection leads to increased
recruitment of neutrophils, which further aids in the propagation of an inflammatory
response in a feedforward loop (20, 21). The continuing inflammatory response is
believed to increase vascular permeability by weakening endothelial cell barriers with
secondary disseminated vascular coagulation syndrome resembling a septic shock

(7, 22).
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Ebola virus (EBOV) infection is a
severe, often fatal disease with
poorly understood pathophysiology.
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(TSPO), an immune cell marker. The
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cell proliferation in the bone
marrow, along with progressive
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the spleen and lungs. This study
provides real-time noninvasive
assessment of EBOV pathogenesis
and disease progression, as well as
the associated host responses, at
the organ level. This approach can
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diseases and to test the efficacy of
newly developed therapeutics and
vaccines.
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Fig. 1. Distribution of TSPO expression in immune cell populations. Mean fluorescence intensity (MFI) indicating the levels of TSPO expression in various
immune cell populations isolated from the whole blood of (A) healthy humans (n = 8) and (B) Rhesus macaques (n = 5), obtained by flow cytometry. (C and
D) Percentage of cells staining positive for TSPO from each immune cell population is shown with red (human) (C) and green (macaque) (D) bars.

The current body of literature documenting EBOV etiology is
based on in vitro testing or postmortem specimen analysis from
cross-sectional animal cohorts. However, in vivo molecular imag-
ing with positron emission tomography (PET) (23) offers a
unique opportunity to noninvasively observe disease progression
in real time, at the organ level. In our study, we used ['*F]-DPA-
714 (DPA-714), a radioligand that binds the translocator protein
18 kDa (TSPO), an outer mitochondrial membrane receptor
expressed in multiple cell types, especially macrophages. TSPO
expression is up-regulated during immune cell activation and thus
serves as a marker for not only measuring inflammation (immune
cell activation) but also measuring immune cell loss (24-27).

In the present study, our goal was to use DPA-714 PET along
with histopathology in a macaque model of Ebola infection, to
better understand the pathophysiology of disease progression at
the organ and cellular level. For this, we longitudinally imaged
Rhesus macaques infected with EBOV at various time points
between baseline and terminal endpoint (day 6/7). Whole-blood
samples were collected before each imaging session to assess vari-
ous disease biomarkers. DPA-714 volumes of distribution (Vt)
values for different organs were measured over time. Postmortem
spleen and lung tissue sections were stained for TSPO and other
cell markers to better understand specific cell population involve-
ment, in correlation with disease progression.

Materials and Methods

Flow Cytometry. Whole-blood samples from eight healthy human subjects
(six male and two females with an average age of 52.1 + 16.4 y) and five
healthy female macaques (4.4 + 0.5 y) were obtained to determine the extent
of TSPO expression in various immune cells of both species (Fig. 1 and S/
Appendix, Fig. S2). See SI Appendix for additional experimental details and S/
Appendix, Table S1 for antibodies used.

Animal Care and Use. All animal experiments were performed in a biosafety
level 4 (BSL-4) laboratory, approved by the National Institute of Allergy and
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Infectious Diseases Division of Clinical Research Institutional Animal Care and
Use Committee, and performed in an American Association for Accreditation of
Laboratory Animal Care International accredited facility in accordance with rele-
vant NIH policies and the Animal Welfare Act and Regulations. Ten male rhesus
macaques (weight: 5.4 + 1.8 kg, age: 2.6 + 1.3 y) were each inoculated with
1,000 plague-forming units of Ebola virus/H.sapiens-tc/GIN/2014/Makona-C05
(EBOV/Mak) passage 3 virus (BEI resources) via intramuscular injection.

Infection and Sampling Timeline. All animals had two baseline PET scans
obtained between 6 and 12 d before EBOV inoculation (day 0). The macaques
were split into three groups depending on the PET-imaging time points as fol-
lows: group 1, scanned on days 2 and 4 (n = 3); group 2, scanned on days 3
and 6 (n = 3); and group 3, scanned on days 1, 5, and 7 (n = 4). Blood collec-
tion for biomarker sampling was done after each scanning session. The animals
were humanely killed after the final PET scan: group 1 on day 4, group 2 on day
6, while group 3 animals were humanely killed at the terminal time point on
day 7 (SI Appendix, Fig. S1). The tissues collected postnecropsy were used for
immunostaining or assessing viral titers.

PET/CT Imaging. CT and PET scans were performed with a Gemini TF PET/CT
scanner (Philips). Two baseline DPA-714 PET/CT scans were performed on each
animal, and two to three scans were performed postinfection. One of the animals
in group 3 died during the terminal stage (day 7) scan and so we have excluded
the data for that time point from the analysis. The scan data from day 5 of
another animal from group 3 was also excluded due to technical complications
during the scan. For additional information, see SI Appendiix.

Biomarker Testing. For all animals, whole-blood samples were obtained at
least twice prior to inoculation and subsequently on each postinfection scan day
until being humanely killed. Complete blood counts with differential, as well as
kidney and liver function panels, were performed. The total white blood cell
(WBC) (x10%/uL) and platelet counts (x10/uL) as well as percent lymphocytes
(%lymphocytes), percent monogytes (%monocytes), and percent neutrophils
(%neutrophils) were measured. Plasma viral loads were measured. Viral titers in
different tissues were determined by plaque assay. For additional information,
see SI Appendix.
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PET/CT Image Analysis. The PET image analysis was conducted using PMOD
3.8 software (PMOD Technologies). Forty-minute dynamic (42 frames) emission
scan was merged with the single static scan acquired at 60 min to generate a
43-frame merged study. The merged PET images were then coregistered to the
CT image (3-mm CT scans obtained through the chest and abdomen). Volumes
of interest (VOIs) were drawn on the coregistered image for the liver, lungs,
spleen, and bone marrow. The latter was measured using a VOI overlapping the
L4 and L5 vertebral bodies in all animals, while avoiding the disk space, spinal
canal, and paraspinal muscles. The vertebral bodies were used for this measure-
ment instead of the iliac bones and femoral heads since the latter could not be
included in the dynamic PET field-of-view, which encompassed the relevant
organs: lungs, liver, spleen, and heart. For the lungs, 7 of 10 animals did not
show any lung infiltrates/consolidations or atelectasis. In 3 of 10 animals, how-
ever, lung infiltrates and consolidations were seen. Care was made to avoid
those regions when selecting the VOIs for the lungs. Additionally, a VOI was also
drawn in the left ventricle to generate the whole-blood data for image-derived
input function. Additionally, even though the axillary lymph nodes were
included in the field-of-view, their Vt values could not be reliably measured due
to increased signal in the surrounding fat planes, likely reflecting metabolically
active brown fat, a phenomenon that has been already described with many
TSPO ligands (28, 29).

The Vit values obtained from both preinoculation scans were averaged to get
one baseline Vit value. Time activity curves were generated for tissues and whole-
blood data. The kinetic tool of PMOD, PKIN was used to perform Logan analysis
with the whole-blood data used as input function to generate Vt values for each
organ. No correction for metabolites could be performed due to logistical limita-
tions in the BSL-4 suite. Total spleen volumes of animals were manually
segmented from the CT images using MIM Software (v6.9.4). Two scans with sig-
nificant motion artifacts were excluded from the analyses.

Necropsy and Histopathology. Tissue samples were obtained from
humanely killed animals at various time points postinfection. Using a standard
semiautomated rotary microtome and lighted water flotation bath (Leica Biosys-
tems), tissue sections were cut to a thickness of 4 pm and mounted on positively
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charged uncoated glass slides (ThermoFisher), air-dried at room temperature,
stained with H&E, and cover-slipped for microscopic evaluation by the patholo-
gist. For additional information, see SI Appendix.

Immunostaining. Multiplex fluorescence immunohistochemistry (MF-HC)
staining was performed on spleen tissue sections for the following targets: TSPO,
(D3, (D20, CD68, CD31/PECAM-1, CD144/VE-cadherin, cleaved caspase-3/
cleaved PARP1T [poly(ADP-ribose) polymerase] (CC3/PARP), and VP40 (S/
Appendix, Table S2). Lung tissue sections were stained for the following targets:
TSPO, CD68, CDébabce, and VP40 (S/ Appendix, Table S3). The cell nuclei in the
spleen and lung sections were counterstained using 1 pg/mL DAPI to facilitate
cell counting. For additional information, see S/ Appendix.

statistical Analysis. Mixed-effect linear regression models were used to evalu-
ate the change in DPA-714 Vit values of different organs over the course of dis-
ease. The organ Vt values were used as the dependent variable while time was
designated as the explanatory/independent variable, with corresponding baseline
value as covariate. Because of the repeated-measures nature of the data, the opti-
mal variance-covariance matrix structure for each response variable was identified
based on the Bayesian Information Criterion, and was used in the final analysis.

Pearson partial correlations between DPA-714 Vt values in the organs and
biological markers of disease progression were computed, accounting for
repeated measures. Tests were performed on both nontransformed and logyo-
transformed data, depending on which followed the normal distribution more
closely. The analysis provided both correlation coefficients and P values for each
pair of variables. In order to account for multiple comparisons in this analysis,
correlations with P > 0.01 should be considered as reflecting no evidence of an
association. All statistical analyses were performed using SAS v9.4 (SAS
Institute).

Results

Distribution of TSPO Expression in the Macaque and Human
Blood Cell Population. On flow cytometry, the mean fluores-
cence intensity of TSPO staining in each of the human
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Fig. 2. DPA-714 binding in EBOV infection. The macaques underwent longitudinal DPA-714 PET imaging at baseline and at the indicated time points postino-
culation with EBOV. The representative PET images (Upper) show the changes in DPA-714 binding at baseline and day 7 postinoculation in the (A) spleen, (B)
lungs, and (C) bone marrow. The red ovals indicate the splenic region in A. The time course depicting the changes in TSPO binding (Vt) in the organs over time
is shown below each image (least-square means adjusted for baseline with 95% confidence intervals). The dotted line represents the average baseline Vt.
There is a progressive decrease in TSPO binding in both the spleen and the lungs over time, while there is increased binding seen in the bone marrow. Statisti-
cal analysis was performed using the mixed-effect linear regression model and the changes in Vt were found to be correlated with the duration of infection.

PNAS 2022 Vol.119 No.15 2110846119

https://doi.org/10.1073/pnas.2110846119 3 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110846119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110846119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110846119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110846119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110846119/-/DCSupplemental

A Spleen Vt C

Lung Vt E

Bone Marrow Vt

Biomarkers Pearson Partial Correlation Biomarkers Pearson Partial Correlation Biomarkers Pearson Partial Correlation
WBC Count p=0.0276 WBC Count p=0.0026 WBC Count p<0.0001
%Lymphocytes p=0.0001 %Lymphocytes p<0.0001 %Lymphocytes p<0.0001
%Monocytes p=0.0710 %Monocytes p=0.0416 %Monocytes p=0.0015
“%Neutrophils p<0.0001 %Neutrophils p<0.0001 %Neutrophils p<0.0001
Platelet Count p<0.0001 Platelet Count p<0.0001 Platelet Count p<0.0001
Plasma VL p<0.0001 Plasma VL p<0.0001 Plasma VL p=0.0001
T L] L] L] 1 r L] T 1 r T T T T
1.0 05 0.0 0.5 1.0 1.0 05 0. 0.5 1.0 -1.0 05 0.0 0.5 1.0
Spleen Vt Lung Vt Bone Marrow Vt
Cytokines/Chemokines Pearson Partial Correlation Cytokines/Chemokines Pearson Partial Correlation Cytokines/Chemokines Pearson Partial Correlation
IL-18 p<0.0001 L-18 I p<0.0001 IL-18 |——— p=0.0007
MIP-1B S p<0.0001 MIP-1p I p=0.0002 MIP-13 — p=0.0008
MCP-1 —— p<0.0001 MCP-1 — p<0.0001 MCP-1 j—— p<0.0001
MIP-1a —— p<0.0001 MIP-10 —— p=0.0002 MIP-1a [— p=0.0117
IL-6 —— p<0.0001 IL-6 I p<0.0001 IL-6 [— p=0.0003
IL-1p — p<0.0001 IL-1p —— p<0.0001 IL-1p — p=0.0182
IL13 —— =0.0001 IL13 —] p=0.0016 113 — p=0.0115
IL-1ra —— p<0.0001 IL-1ra ) p<0.0001 IL-1ra fF p<0.0001
1L-15 —— p<0.0001 IL-15 p<0.0001 IL-15 [—— p<0.0001
IL-10 — <0.0001 IL-10 —— <0.0001 IL-10 [— p=0.0001
IFNy — p<0.0001 IFNy —— p<0.0001 IFNy [— p<0.0001
T T T T 1
T T T T 1 T T T T 1
1.0 0.5 0.0 0.5 1.0 1.0 -0.5 0.0 0.5 1.0 .0 -05 0.0 0.5 1.0

Fig. 3. Biomarker correlations. Blood cell populations, plasma viral loads (VL), and cytokines measured at the imaging time points were correlated with (A
and B) spleen, (C and D) lung, and (E and F) bone marrow DPA-714 Vt values. Positive and negative correlations with P < 0.01 are shown in dark green and
red bars, respectively. The black bars indicate correlations that have a P > 0.01. Pearson partial correlations accounting for repeated measures were used to
calculate the correlation coefficients and the P values. Plasma VL and cytokine values were log-transformed before performing the correlations in order to
achieve a more normal distribution. Log-transformations were not needed for platelet counts, WBC counts, and differential.

immune cell populations was calculated. All the immune cell
types were shown to express TSPO, albeit to varying degrees.
The highest TSPO expression was seen in macrophages fol-
lowed by monocytes, dendritic cells, and neutrophils, while T
and B cells had the lowest expression levels (Fig. 1A4). Similar
results were observed in the macaques where macrophages,
monocytes, and dendritic cells seemed to have the highest
expression levels of TSPO (Fig. 1B). In all cell types, over 70%
of the cells in each isolated population expressed TSPO (Fig.
10). Our flow results suggested that all the major immune cell
populations and not just the monocytes and macrophages con-
tribute to the total DPA-714 signal in the periphery. Therefore,
changes in TSPO expression and DPA-714 signal by extension
would likely reflect on the status of multiple immune cell pop-
ulations over the course of EBOV infection.

Changes in Complete Blood Cell, Viral Loads, and Cytokines
over Time. The complete blood counts showed a decrease in
%lymphocyte, %monocyte, and total platelet counts while the
total WBC counts and %neutrophil counts increased over time
(81 Appendix, Fig. S3 A and B). The plasma viremia increased
over time, as did the viral titers measured in various peripheral
organs between day 4 and the terminal time points (87
Appendix, Fig. S3 C and D). Multiple plasma inflammatory
cytokines dramatically increased starting day 4/5 postinocula-
tion. There was a concurrent up-regulation of IL-10, an antiin-
flammatory cytokine that acts to dampen the immune-related
inflammation (87 Appendix, Fig. S4).

Changes in Organ DPA-714 Binding during EBOV Infection.
The liver Vt values showed slight drops at days 2 and 4 (57
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Appendix, Table S4); however, there was no statistically signifi-
cant overall change in Vt values over time. The Vt values of the
spleen and lungs decreased as a function of time postinfection
(P = 0.0148 and P = 0.0002, respectively) (Fig. 2 A and B),
while the opposite trend was observed in the bone marrow
(P = 0.0006) (Fig. 2C). Assessing individual time points, the
lung Vt values were lower in each of days 2 through 7, relative
to day 1 (P = 0.012, 0.0263, 0.0035, <0.0001, 0.00006,
<0.0001, respectively), as did the spleen Vt values which
decreased over time, with the largest reductions compared to
day 1 occurring on days 5 (? = 0.0106), 6 (? = 0.0135), and 7
(P = 0.0014). The decrease in DPA-714 binding (Fig. 24)
occurred despite a general trend of splenomegaly seen in these
animals (87 Appendix, Fig. S5). On the other hand, the bone
marrow Vt values showed an increase on day 7 compared to
day 1 (P2 < 0.0001).

Biomarkers Correlate with DPA-714 Organ Vt. The spleen and
lungs Vt were negatively correlated to %neutrophil counts and
positively correlated to %lymphocyte counts (Fig. 3 A and O).
Conversely, the bone marrow Vt showed positive correlations
with WBC and %neutrophil counts and negative correlations
with platelet, %lymphocyte, and %monocyte counts (all P <
0.0015) (Fig. 3E). The plasma viremia was found to correlate
negatively with spleen and lung Vt and positively with bone
marrow Vt (all 2 < 0.0001) (Fig. 3 4, C, and E). The spleen
and lung Vt negatively correlated with interferon (IFN)-y,
IL-10, IL-15, IL-1Ra, IL-6, MCP-1, MIP-1a, IL-13, IL-1B,
MIP-1f, and IL-18 (all P2 < 0.0016) (Fig. 3 Band D). On the
other hand, the bone marrow Vt showed positive correlations
with a number of cytokines such as IFN-y, IL-15, IL-1Ra,
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Fig. 4. H&E spleen (mid disease and terminal). Histopathologic findings for the spleen are consistent with EBOV disease in the nonhuman primate (D-L).
Negative controls (A-C, 100%, 200, and 400x, respectively) show relatively normal splenic architecture. (D-F) 100x, 200x%, and 400x, respectively, at day 4
postexposure show mild lymphoid depletion with occasional evidence of lymphocytolysis within germinal centers (white pulp). (G-/) 100x, 200x, and 400x,
respectively, at day 6 postexposure show significant lymphoid depletion, with areas of lymphoid degeneration and necrosis within germinal centers, and
fibrin with cellular debris in the red pulp. Similarly, in J-L 100x, 200x, and 400x, respectively, at day 7 postexposure, show lymphoid depletion, germinal cen-
ter necrosis, with hemorrhage, fibrin, and cellular debris in the red pulp. (Scale bars: 100x bar is 100 p, 200x is 50 p, and 400x is 20 p.)

IL-6, MCP-1, MIP-1§, IL-18, and IL-10 (all P < 0.001) (Fig.
3F). The uptake of DPA-714 in the liver did not correlate with

any of the cytokines or other biomarkers.

Histopathology Results. Histopathologic findings in the spleen
appeared on day 4 necropsies and worsened by days 6 to 7.
Those ranged from lymphoid depletion to necrosis of germinal
centers (Fig. 4). In the liver, lesions ranged from mild hepato-
cellular degeneration with few intracytoplasmic viral inclusion
bodies to hepatocellular necrosis by day 7. Mild tubular degen-
eration was noted in the kidneys by day 7, consistent with pre-
renal failure. In the lungs, focal areas of congestion and edema
with few peribronchiolar inflammatory infiltrates were noted in
2 of the 10 subjects at day 7, which was believed to be due to
intubation and aspiration and corresponded to infiltrates seen
on the CT scans. The lungs otherwise showed no major abnor-
malities on H&E staining.

Postmortem Immunostaining of Spleen and Lung Tissues.
There was increased staining of VP40 (EBOV matrix protein)
over time in the spleen of infected animals (Fig. 5). However,
there was a progressive reduction in CD3 staining (T cell
marker) starting from day 4 until the terminal endpoint, indi-
cating widespread T cell death. On the other hand, B cells
(CD20 staining) seemed to increase initally (day 3) before
tapering off (terminal) (SI Appendix, Fig. S6). Such increase
in CD20™ population of B cells has been previously reported
in infected patients (30). There was an increase in apoptosis
from day 4 to terminal point, as measured by CC3 and PARP1
staining. Concurrent decreases in CDG68 expression at the
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terminal time point indicated that the macrophage population
was also depleted in the later stages of the disease. The
MF-THC data suggest that a majority of the infected cells in
the spleen were macrophages, since VP40 staining was mainly
colocalized with CD68, and many of these cells also stained for
CC3/PARP1. None of the surviving lymphocytes seemed to be
infected with the virus, which has been reported before (20, 31,
32). In concordance with PET data, there was a decrease in
TSPO staining at the terminal time point as well. This is further
supported by decreased staining of CD68, a macrophage lineage
marker, indicating that a loss of the macrophage population is
what primarily led to a decline in the TSPO signal. The MF-IHC
data suggest that as a result of EBOV infection, most immune
cells in the spleen are depleted as a result of infection (monocytes),
apoptotic cell death (monocytes and lymphocytes), and possibly
peripheral migration, rather than an immune activation.

In the lungs, the CDG68 expression increased in one and
decreased in two animals at day 4 compared to the control,
while a modest decrease of staining in most animals was
observed at the terminal time point. A corresponding decrease
in TSPO was observed at the terminal time point when com-
pared to both day 4 and control macaques, although that was
less impressive than the decreased CD68 staining. This could
be due to concurrent increase in neutrophil infiltration in the
lungs, which also express TSPO (compared to uninfected ani-
mals), thus partially offsetting the decreased monocyte counts
(Fig. 6). As expected, the VP40 staining increased progressively
throughout the infection (Fig. 6). Additionally, frequent cos-
taining between neutrophils (CD66abce) and macrophages was
observed, suggesting that either the neutrophils are coexpressing
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CD68, as they are known to do under inflammatory conditions
(33), or that some macrophages may be getting phagocytosed
by neutrophils, especially since the CDG68 staining was some-
times seen within the cytoplasmic area of the neutrophils (57

Appendix, Fig. S7).

Discussion

In this study, we used DPA-714 to characterize organ-level
host immune response to EBOV infection over time. Since it
was unclear as to which immune cell types express TSPO, flow
cytometry was performed to analyze the degree of protein
expression in human and macaque cells. Monocytes, macro-
phages, and dendritic cells expressed the highest amounts of
TSPO. However, neutrophils, and to a lesser extent T cells and
B cells, also expressed basal levels of TSPO (Fig. 1). Using
DPA-714 PET imaging, we found a decrease in TSPO expres-
sion in both the spleen and lungs of animals over time after
EBOV infection (Fig. 2 A and B). On the other hand, there
was increase in binding in bone marrow TSPO expression of
these animals (Fig. 2C). Taken together, these results indicate
that at the spleen level, there is massive immune cell depletion
rather than an active inflammatory process, while in the bone
marrow there is a reactive hematopoietic activation.

DPA-714 binding in the spleen decreased despite progressive
enlargement of the organ as measured on CT (87 Appendix, Fig. S5)
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(34), likely due to congestion and necrosis (Fig. 4). The decreased
spleen DPA-714 binding was validated with decreased TSPO stain-
ing on MF-IHC (Fig. 5). Additional staining indicated extensive
T cell (CD3) and monocytic (CD68) depletion in the spleen. A
majority of the monocytes costained with VP40, suggesting
infection with the virus. There was also increased costaining of mac-
rophages with cell death markers (CC3 and cleaved PARP1). How-
ever, there was no evidence of T cell infection in our animals (Fig.
5), although a recent study has shown that EBOV can induce abor-
tive replication in T cells leading to lymphopenia (35). Peripheral
cell death in the monocyte/macrophage population after direct
infection with EBOV and bystander T cell death have been
reported in previous studies (7, 31, 36-41). However, this has not
been shown previously in vivo, dynamically, at the level of the
organs such as the spleen and lungs. While the decrease in TSPO
staining was not as precipitous as the drop of monocytes and T cells
during the terminal stages, this could be attributed to the expression
of TSPO in other cell types, such as B cells and neutrophils, in
which the decline in TSPO expression is likely less impressive than
that seen in monocytes. Interestingly, there was an increase in B cell
staining (CD20™) in the spleen during the early stages of the infec-
tion, a phenomenon that has been reported previously in human-
ized mice (42) and humans (30) infected with EBOV (87 Appendix,
Fig. S6). This could be attributed either to initial activation of B
cells by secreted cytokines or the increasing exposure to viral anti-

gens (43, 44) (SI Appendix, Fig. S6).
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Similarly, in vivo, we found a progressive decrease in TSPO
binding in the lungs of infected macaques, suggesting depletion of
alveolar macrophages. It has been previously reported that EBOV
infection leads to alveolar edema, hemorrhaging, and alveolar
damage (45-47), which is believed to be a consequence of sus-
tained inflammation (cytokine storm) and direct infection of
endothelial cells and alveolar macrophages, supported by immuno-
histochemical evidence of viral presence in lung fibroblasts and
alveolar macrophages (45, 46, 48). We validated our PET imaging
results with MF-IHC data showing modest decrease in CDG68
expression between day 4 and the terminal time points with con-
current reduction in TSPO staining, as well when compared to
the control. The CD66abce (neutrophils) staining increased at day
4 and then stayed fairly constant on terminal day. These findings
suggest a progressive loss of macrophages in the lungs during the
course of the disease with associated decrease in TSPO expression
(Fig. 6). On the other hand, concurrent neutrophilic infiltration
into the lung tissues likely offset this decrease in TSPO staining
since neutrophils also express TSPO, albeit to a lesser extent than
monocytes/macrophages.

PNAS 2022 Vol.119 No.15 2110846119

In the bone marrow, on the other hand, we found a progressive
increase in DPA-714 binding, which correlated with time postino-
culadon (Fig. 2C). We hypothesize that this is due to hematopoi-
etic activation as a means to offset the cellular loss in the organs
and to control the ongoing infection. A couple studies have shown
the bone marrow to be infected with EBOV (8, 45). In another
study, however, McElroy et al. (49) analyzed peripheral blood
mononuclear cells from patents infected with EBOV by mass
cytometry and found larger cell populations of myeloid origin
likely derived from the bone marrow due to increased hematopoi-
esis during the acute EBOV infection. More recently, Kotliar et al.
(50) found evidence of immature neutrophils originating from the
bone marrow in the EBOV-infected rhesus macaques using
single-cell RNA and protein profiling. They also identified subsets
of monocytes and macrophages that had a transcriptional profile
similar to the monocyte precursors derived from the bone mar-
row, which further supports the prevalence of emergency myelo-
poiesis during the course of the disease. These observations suggest
that even though there could be potential cellular loss due to viral
infection in the bone marrow, the expansion of immature

https://doi.org/10.1073/pnas.2110846119 7 of 9
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proliferating myeloid pool outpaces this loss, thus resulting in a
progressive increase in DPA-714 binding over time. Indeed, it is
well established that there is an emergency myelopoiesis in the
bone marrow due to general infection-mediated inflammation
(51, 52). This myeloid proliferation is mainly driven by growth
factors, such as M-CSF, GM-CSF, and G-CSF, and our results
also show modest increase in GM-CSF production in the plasma
of the infected macaques over time. Additionally, we found several
positive correlations of cytokines/chemokines with DPA-714
binding in the bone marrow of the infected animals (Fig. 3), indi-
cating that the inflammatory milieu could contribute to hemato-
poietic activation during the disease course. This is an important
observation since it depicts a systemic nature of the response to
the infectious process, which could potentially be a prognostic
indicator of outcome in patients.

One of the limitations of our study is that, while the
macaque model faithfully recapitulates the acute phase of the
disease course in humans, the accelerated pace and fatal nature
of the infection prevents us from observing the long-term
effects of the virus on the organs. Further studies thus need to
be conducted to understand the interplay of cellular loss and
hematopoietic activation in survivors. Another limitation is that
the effect of lymphocyte, monocyte, and platelet depletion, as
well as leukocytosis and neutrophilia in the vessels during the
course of infection, could affect the radioactivity measures in
vascular organs like the lungs and spleen. However, our analysis
takes this into account since we used the left ventricle as the
image-derived input function. We did not obtain an arterial
input function in the animals due to logistical limitations asso-
ciated with performing imaging studies in a BSL-4 suite,
including the difficulty of obtaining arterial access and quickly
acquiring blood samples while wearing positive pressure person-
nel suits. This would also be difficult to perform repeatedly in
progressively sicker animals. We did not perform metabolite
correction either, since we had no access to chromatographic
analysis methods inside the BSL-4 space and transferring con-
taminated blood outside the space requires virus inactivation by
chemical reagents (e.g., neutral-buffered formalin, glutaralde-
hyde, paraformaldehyde, or chaotropic agents) for at least 10
min, which would delay and affect the results of metabolite
analysis afterward. We assume, however, that metabolism of
the parent compound would not change significantly over time
and is probably less important in longitudinal follow-up scans
of the same animals. Due to the same logistical limitations
mentioned above, and since the amount of blood drawn was
limited to 3 to 5 mL per scanning session, we could not per-
form longitudinal flow cytometry assessment of TSPO expres-
sion in the blood of the infected animals. Another limitation is
that we could only test for a limited number of immune cell
markers by immunofluorescence staining, thereby not account-
ing for TSPO expression in nonimmune cells, especially in the
lungs, considering prior work has shown that bronchial epithe-
lial cells and to a lesser extent alveolar cells express TSPO (53).
Longitudinal changes in TSPO expression in the latter cells
types could have possibly affected our results; however, we
believe this effect to be minimal since we did not identify
appreciable changes to lung architecture during the course of
the infection by H&E staining. One last limitation is that we
could not perform immunostaining in the liver sections due to

1. World Health Organization, Ebola situation report 2016. https://apps.who.int/ebola/current-
situation/ebola-situation-report-30-march-2016.

2. Centers for Disease Control, 2021 Democratic Republic of the Congo, North Kivu Province. https://
www.cdc.gov/vhf/ebola/outbreaks/drc/2021-february.html (Accessed 23 March 2022).
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high levels of autofluorescence in those tissues, possibly because
of the fact that the animals were not perfused during necropsy.
In conclusion, despite multiple devastating EBOV epidemics,
there is a dearth of understanding of disease progression and patho-
physiology due to the resource-limited nature of endemic regions.
Using DPA-714 PET imaging in the macaque model along with
various disease biomarkers and IHC helped us better understand
the systemic progression of EBOV infection and provided insight
into organ-level pathophysiology. The results indicate that there is
a sustained loss of TSPO expression in the lungs and spleen due to
local depletion of monocytes, macrophages, and dendritic cells. On
the other hand, hematopoietic activation seems to occur in the
bone marrow, possibly as a compensatory mechanism. Therefore,
having validated DPA-714 PET as a noninvasive method of fol-
lowing up changes in TSPO expression during EBOV infection,
our technique can now be applied to evaluate the timing and effi-
cacy of novel therapeutic interventions aimed at mitigating cellular
loss or the aberrant inflammatory reaction during infection. This
methodology can also be adapted to elucidate the host immune
responses to other emerging pathogens with similar systemic debili-
tating effects, such as SARS-CoV2, and help assess the usefulness
of various therapeutic and preventative strategies in animal models.
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