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Background.  The henipaviruses, Hendra virus (HeV) and Nipah virus (NiV), are capable of causing severe and often lethal res-
piratory and/or neurologic disease in animals and humans. Given the sporadic nature of henipavirus outbreaks, licensure of vaccines 
and therapeutics for human use will likely require demonstration of efficacy in animal models that faithfully reproduce the human 
condition. Currently, the African green monkey (AGM) best mimics human henipavirus-induced disease.

Methods.  The pathogenic potential of HeV and both strains of NiV (Malaysia, Bangladesh) was assessed in cynomolgus mon-
keys and compared with henipavirus-infected historical control AGMs. Multiplex gene and protein expression assays were used to 
compare host responses.

Results.  In contrast to AGMs, in which henipaviruses cause severe and usually lethal disease, HeV and NiVs caused only mild 
or asymptomatic infections in macaques. All henipaviruses replicated in macaques with similar kinetics as in AGMs. Infection in 
macaques was associated with activation and predicted recruitment of cytotoxic CD8+ T cells, Th1 cells, IgM+ B cells, and plasma 
cells. Conversely, fatal outcome in AGMs was associated with aberrant innate immune signaling, complement dysregulation, Th2 
skewing, and increased secretion of MCP-1.

Conclusion.  The restriction factors identified in macaques can be harnessed for development of effective countermeasures 
against henipavirus disease.

Keywords.   Nipah virus; Hendra virus; henipavirus; paramyxovirus; primate; pathogenesis; animal model; transcriptomics; 
cytokines; chemokines.

Hendra virus (HeV) and Nipah virus (NiV) are zoonotic RNA 
viruses in the genus Henipavirus (family Paramyxoviridae) and  
cause disease outbreaks in livestock and humans [1, 2]. The 
main pathological features of HeV and NiV infection in people 
and several species of mammals are severe systemic respiratory 
and/or neurologic disease [3]. Several species of pteropid fruit 
bats serve as reservoirs for HeV and NiV [4]. HeV is endemic 
to Australia and causes sporadic outbreaks in equines with rare 
instances of subsequent infections in humans [5]. Currently, 2 
phylogenetically distinct strains of NiV have been identified: 
the Malaysia strain (NiVM), which caused the initial outbreak 
of NiV in Malaysia and Singapore [6], and the Bangladesh 
strain (NiVB), which is responsible for nearly annual outbreaks 
in Bangladesh and India [7]. The case fatality rate (CFR) in 

humans for both HeV and NiV has ranged from ~ 40 to 75% 
[5, 8–10], although a recent outbreak of NiVB in India resulted 
in 21 deaths among 23 total cases (91% CFR) [11]. A number of 
studies reporting human-to-human transmission also points to 
the potential of NiV as a pandemic threat [12–14].

Currently, there are no vaccines or treatments against HeV 
or NiV licensed for human use. Licensure of any medical 
countermeasure may require demonstration of efficacy in an 
animal model(s) of henipavirus infection [15]. Mice, guinea 
pigs, hamsters, cats, ferrets, and non-human primates (NHPs) 
have been evaluated as animal models of human henipavirus 
infection and disease [16]. Of these, the African green monkey 
(Chlorocebus aethiops; AGM) appears to best reflect HeV and 
NiV infection in humans. Henipavirus-infected AGMs exhibit 
severe respiratory pathology, neurological disease, and gener-
alized vasculitis [17–26].

Although AGMs ostensibly excel as a model of human 
henipavirus infection, the ability to use different NHP species, 
particularly cynomolgus (Macaca fascicularis) and rhesus ma-
caques (Macaca mulatta), presents a number of advantages. 
Cynomolgus and rhesus macaques are the most commonly 
used NHPs for biomedical research in the United States [27]; 
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therefore, a larger supply of animals is available. There is also 
more information regarding important considerations, such as 
cross-reactivity with human reagents. Finally, as HeV and NiV 
must be contained in biosafety level (BSL)-4 facilities, a number 
of logistical considerations pertaining to NHP housing would 
make working with these species more favorable. Specifically, 
AGMs can be persistently infected with viruses, such as simian 
immunodeficiency virus (SIV) and simian hemorrhagic fever 
virus (SHFV), which cause lethal infection if transmitted to 
macaques [28, 29]. Accordingly, AGMs should not be housed 
in the same area as macaques. Moreover, space is often lim-
ited in biocontainment. Most viruses used in BSL-4 facilities, 
including Ebola, Marburg, Lassa, Junin, and Crimean-Congo 
hemorrhagic fever viruses, all employ cynomolgus and/or 
rhesus macaques as preferred NHP models. Thus, there are 
important conveniences in using macaques as a henipavirus 
disease model.

Here we assessed the pathogenic potential of HeV, NiVB, 
and NiVM in cynomolgus macaques. We compared our find-
ings using historical data from HeV- and NiV-infected AGMs. 
Surprisingly, we found that although macaques sustained virus 
replication to similar levels as AGMs, these animals failed to de-
velop the fatal clinical illness typically observed in AGMs. Our 
data provide insight into the intra- and interspecies restriction 
factors of lethal henipavirus infection.

METHODS

Viruses

A detailed description of the viruses used in this study is avail-
able in the Supplementary Methods.

Animal Infection

A detailed description of henipavirus challenge of AGMs 
and cynomolgus macaques is available in the Supplementary 
Methods.

Ethics Approval and Consent to Participate

The animal studies were performed at the Galveston National 
Laboratory, University of Texas Medical Branch at Galveston 
(UTMB), and were approved by the UTMB Institutional Animal 
Care and Use Committee. This facility is fully accredited by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care International.

Detection of Virus from NiVB-Infected AGMs

RNA was isolated from blood or tissues and assessed using pri-
mers/probe targeting the N gene as described previously [20] 
and [21] and detailed in the Supplementary Methods.

Clinical Pathology and Host Immune Response

Hematology, clinical chemistry, and analysis of circulating levels 
of cytokines/chemokines are detailed in the Supplementary 
Methods.

Histopathology and Immunohistochemistry

Necropsy was performed on all subjects. Tissue samples 
of all major organs were collected for histopathologic and 
immunohistochemical (IHC) examination, as outlined in the 
Supplementary Methods.

Nanostring Sample Preparation

Methods describing sample preparation for transcript quantita-
tion are detailed in the Supplementary Methods.

Bioinformatics

Details of the bioinformatic methods used in this study are 
available in the Supplementary Methods.

Statistical Analysis

Viral load and Bioplex statistical analyses were carried out 
using GraphPad Prism version 8.  Statistical significance for 
each Bioplex analyte was assessed using Mann-Whitney non-
parametric t-tests. A multiple hypothesis Benjamini-Huchberg 
false discovery rate (FDR) corrected P-value less than .05 was 
deemed significant for all messenger RNA (mRNA) expression 
analyses, unless otherwise stated. ImmQuant data significance 
was determined using a 2-tailed unpaired t-test with Welch’s 
correction and an FDR-adjusted P-value less than .1.

RESULTS

Experimental Infection of Cynomolgus Macaques with NiV and HeV and 

Comparison to AGMs

To assess the potential for cynomolgus macaques to serve as a 
model for henipavirus infection in humans, we exposed a group 
of 8 adult monkeys to either NiVB (n = 3), NiVM, (n = 3), or HeV 
(n = 2). All animals were infected with a total dose of ~ 5.0 × 105 
plaque-forming units (PFU) of each respective henipavirus de-
livered through intranasal and intratracheal inoculation routes 
(dose divided equally by route). Macaques infected with NiVB all 
developed a mild, self-limiting pulmonary illness 5–7 days post 
infection (dpi), whereas those infected with NiVM or HeV re-
mained largely asymptomatic (Table 1). Changes in blood cell 
populations and serum biochemistry in macaques were sim-
ilar to those observed during henipavirus infection of AGMs 
(Supplementary Tables 1–3). In contrast to AGMs, which usu-
ally succumb to henipavirus infection within 5–10 days after ex-
posure, all 8 infected macaques survived infection to the study’s 
endpoint. All 8 macaques seroconverted and achieved serum 
neutralization titers comparable to those of AGMs vaccinated 
against henipavirus infection [20, 24] (Supplementary Table 4).

Lethal henipavirus infection in AGMs typically results in a 
predictable constellation of gross pathological lesions, which in-
clude pleural effusion with fibrinous exudates, necrohemorrhagic 
interstitial pneumonia, lymphadenomegaly, and congestion 
in the liver, spleen, and meninges [17, 18, 21–23, 25, 26]. In 
contrast, necropsies performed on all henipavirus-challenged 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data


S438  •  jid  2020:221  (Suppl 4)  •  Prasad et al

cynomolgus macaques at 28 dpi revealed no evidence of signif-
icant lesions that had gone on to resolve. Histopathological and 
immunohistochemical analysis of formalin-fixed tissues was 
similarly unremarkable (Supplementary Figure 1), with all NiVM- 
and 2/3 NiVB-infected macaques showing minimal pulmonary 
edema, and occasionally mild lymphoplasmacytic infiltration of 
the interstitial space in the kidneys and microvacuolarization of 
hepatocytes (data not shown). With the sole exception of Cyno-
2, which exhibited a focal cluster of neurons within the brain-
stem with cytoplasmic immunolabeling (Supplementary Figure 
1F), none of the macaques displayed immunolabeling for NiV or 
HeV N protein in any of the tissues analyzed.

Determination of Henipavirus Viral Load and Tissue Tropism

We assessed levels of circulating viremia for each infection group 
through reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) amplification of viral genomic RNA (vRNA) 
and compared these to historical AGM controls. Along with blood 
draws, swabs were obtained from nasal, oral, and rectal mucosa 
on procedure days (Supplementary Tables 5,6), with vRNA being 
present in some or all of the swabs from all of the animals begin-
ning several days post challenge (Figure 1). With the exception 
of NiVB-infected macaques, which exhibited significantly lower 
peak viremia levels than AGMs, we saw no significant difference 
in peak viral loads in the blood of macaques versus that of AGMs 
(Supplementary Figure  2A). Similarly, there was no difference 
between macaques and AGMs in the day on which peak viremia 
was detected nor the day of earliest detection, whether animals 
from all 3 virus infections were grouped (Supplementary Figures 
2B,C) or analyzed separately (data not shown).

 We performed RT-qPCR on RNA from selected tissues har-
vested from macaques at the study’s endpoint (28 dpi), as well as 

Table 1.  Clinical Description and Outcome of Cynomolgus Macaques Challenged with NiVB, NiVM, and HeV

Subject 
no. Sex Virus

Challenge 
Dose (PFU) Clinical Illness Clinical Pathology Reference

CYNO-1 
(C41446)

M Bangladesh ~5.0 × 105 Pulmonary edema (d5), lymphadenitis 
(d5), abdominal breathing (d6-8), 
fever (d7). Animal survived to study’s 
endpoint (d28).

Lymphopenia (d7); thrombocyto-
penia (d7,10); leukocytosis (d10,15); 
reactive thrombocytosis (d15); 
lymphocytosis (d10); monocytosis 
(d10); granulocytosis (d5,7,10,15,28); 
hypoalbuminemia (d15); > 2-fold ↑ in 
AST (d7); > 8-fold ↑ in CRP (d15)

Unpublished

CYNO-2 
(C42728)

M Bangladesh ~5.0 × 105 Pulmonary edema (d5-7), abdominal 
breathing (d6,7). Animal survived to 
study’s endpoint (d28).

Lymphopenia (d7); reactive 
thrombocytosis (d15); lymphocytosis 
(d15)

Unpublished

CYNO-3 
(C40195)

M Bangladesh ~5.0 × 105 Pulmonary edema (d7), fever (d7), 
abdominal breathing (d7-8). Animal 
survived to study’s endpoint (d28).

Lymphopenia (d3); thrombocy-
topenia (d7); monocytopenia 
(d15); granulocytopenia 
(d7,10); monocytosis (d10); 
hypoalbuminemia (d10); > 18-fold ↑ 
in CRP (d7)

Unpublished

CYNO-4 
(C42729)

M Malaysia ~5.0 × 105 None. Animal survived to study’s end-
point (d28).

Monocytopenia (d1,28); 
granulocytopenia (d1,3,28); leu-
kocytosis (d15); monocytosis 
(d10); granulocytosis (d15); 
hypoalbuminemia (d15); > 35% ↓ in 
CRE (d15); > 19-fold ↑ in CRP (d7)

Unpublished

CYNO-5 
(C17438)

M Malaysia ~5.0 × 105 None. Animal survived to study’s end-
point (d28).

Monocytopenia (d1,15,28); 
granulocytopenia (d3,28); > 2-fold ↑ 
in ALP (d15); > 8-fold ↑ in CRP (d15) 

Unpublished

CYNO-6 
(C40693)

M Malaysia ~5.0 × 105 None. Animal survived to study’s end-
point (d28).

Lymphopenia (d5,7); thrombocy-
topenia (d7); monocytopenia 
(d5); granulocytopenia (d10); 
hypoamylasemia (d7); > 8-fold ↑ in 
CRP (d7)

Unpublished

CYNO-7 
(C40541)

M Hendra ~5.0 × 105 Agitation (d6), increased aggressive-
ness (d6). Animal survived to study’s 
endpoint (d28).

Lymphopenia (d7); granulocytopenia 
(d28); granulocytosis (d7); > 40% ↓ 
in CRE (d5,7)

Unpublished

CYNO-8 
(C33314)

M Hendra ~5.0 × 105 Abdominal breathing (d6). Animal sur-
vived to study’s endpoint (d28).

Lymphopenia (d7); monocytopenia 
(d7); granulocytopenia (d15,28); > 
2-fold ↑ in ALT (d3); > 2-fold ↑ in 
AST (d3)

Unpublished

Days after henipavirus challenge are in parentheses, the challenge virus is indicated. Lymphopenia, granulocytopenia, monocytopenia, and thrombocytopenia are defined by a ≥35% drop 
in numbers of lymphocytes, granulocytes, monocytes, and platelets, respectively. Leukocytosis, monocytosis, and granulocytosis are defined by a 2-fold or greater increase in numbers of 
white blood cells over base line. Fever is defined as a temperature more than 2.5 °F over baseline, or at least 1.5 °F over baseline and ≥103.5 °F. Hypothermia is defined as a temperature 
≤3.5 °F below baseline. Hyperglycemia is defined as a 2-fold or greater increase in levels of glucose. Hypoalbuminemia is defined by a ≥25% decrease in levels of albumin. Hypoproteinemia 
is defined by a ≥25% decrease in levels of total protein. Hypoamylasemia is defined by a ≥25% decrease in levels of serum amylase. Abbreviations: ALP, alkaline phosphatise; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; CRE, creatinine; CRP, C-reactive protein; Hct, hematocrit; Hgb, hemoglobin.
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Figure 1.  Detection of henipavirus vRNA in blood and mucosa from infected cynomolgus macaques and AGMs. Henipavirus vRNA was detected from whole blood, as 
well as oral, nasal, and rectal swabs at specific time points during the course of infection using species-specific RT-qPCR primer and probe sets (detailed in Supplemental 
Methods). For all graphs, solid lines denote AGMs, and dashed lines denote cynomolgus macaques. (A), Detection of NiVB vRNA; (B), detection of NiVM vRNA; (C ), detection 
of HeV vRNA. For all graphs, cynomolgus macaques and unpublished AGM controls are plotted individually as the mean of 2 RT-qPCR technical replicates, while the mean 
value for all previously published historical control AGMs at each timepoint ± SD is shown (“H-AGM”; due to log axis, SD bars extending below 0 cannot be plotted). For the 
purposes of plotting data on a log scale, samples too low to quantify are plotted as 1 (100). Due to differences in sampling schedules between studies, grouped historical con-
trols do not always have the same population size (n) at each timepoint. * The 5 dpi datapoint for subject AGM-9 in the “Rectal Swab” subpanel of (A) was the last timepoint 
for which RNA was available for analysis; RNA from the subsequent time point (7 dpi) was lost during extraction. **Historical control AGM-24 had undetectable quantities of 
HeV RNA in whole blood and mucosal swabs at all time points assayed. Abbreviations: AGM, African green monkey; HeV, Hendra virus; NiVB, Nipah virus Bangladesh; NiVM, 
Nipah virus Malaysia; RT-qPCR, reverse transcription quantitative polymerase chain reaction; SD, standard deviation.
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from historical AGM controls from unpublished studies. AGMs 
infected with either NiVB, NiVM, or HeV all exhibited vRNA 
titers ranging from ~ 105 to1012 genome equivalents (GEq) in 
most assayed tissues (Supplementary Figure 3A–C). In contrast, 
detection of vRNA in macaques was restricted to lymphoid 
tissue (Supplementary Figure 3D), and 2 animals, Cyno-3 and 
Cyno-5, had no vRNA in any tissues analyzed.

Circulating Cytokine/Chemokine Profiles of Henipavirus-Infected 

Cynomolgus Macaques and Comparison to AGMs

We assessed levels of circulating cytokines and chemokines in 
the sera of macaques and from archived sera from previously 
published and unpublished henipavirus-infected AGM control 
animals. In both species, most analytes remained unchanged or 
varied between individual animals in response to infection. We 
selected 8 of the most highly represented analytes for comparative 
analysis between species. Analyte values from early (3 dpi) or late 
(7–8 dpi or terminal) infection time points were pooled by species, 
irrespective of challenge virus or clinical outcome (Supplementary 
Figure 4A). Interferon γ (IFN-γ) and interleukin (IL)-15 expres-
sion was significantly higher in macaques at the early time point, 
though the higher mean expression of IFN-γ in macaques was 
strongly influenced by a single animal. Significantly lower IL-4 ex-
pression was noted in macaques at the late time point. Monocyte 
chemoattractant protein-1 (MCP-1) and IL-8 both differed signif-
icantly between species early and late in the disease course. In con-
trast, when only comparing AGMs to each other based on clinical 
outcome (survivor vs. fatal), none of the analytes showed signifi-
cant differences between species (Supplementary Figure 4B).

Targeted Transcriptome Profiling of AGMs and Macaques

To further identify immune correlates associated with protec-
tion against henipavirus disease, we utilized a targeted tran-
scriptome profiling approach to compare the host immune 
response in AGMs and cynomolgus macaques. RNA extracted 
from whole blood from each subject was hybridized with 
Nanostring NHPV2_Immunology reporter and capture probe 
sets, and RNA-probe set complexes were processed and imaged 
on an nCounter® SPRINT Profiler.

We first evaluated the overall relatedness between sample 
populations by conducting principal component analysis (PCA). 
Distinct separation of individual AGM and macaque samples in-
dicated robust species-specific differences (Figure 2A). Moreover, 
disposition, or survivor versus fatal outcome, accounted for the 
majority of transcriptional changes in the data set. This observa-
tion was not altogether surprising given that most subjects in the 
survivor group were macaques. Additionally, time-dependent 
expression patterns were evident at baseline (0 dpi), early (3 dpi), 
and late (7–8 dpi or terminal) time points in the disease course. 
Accordingly, samples were segregated by early and late disease as 
was done for cytokine expression comparisons. Samples filtered 
by challenge virus exhibited minimal dimensional separation, 
indicating the host response to NiVB, NiVM, or HeV manifests 

similarly in each species. A global scaled heat map depicting un-
supervised clustering of the normalized data demonstrated com-
parable results (Figure 2B).

Samples were segregated by NHP species and disposition to 
evaluate differential expression, as these groups were deemed 
the most relevant in terms of global transcriptional changes. 
Transcriptional profiling by species indicated macaques ex-
pressed a higher number of transcripts enriching to adaptive 
immunity (FCGR2B, LILRB1, LILRB2, GNLY) (Figure 3A). 
Downregulated transcripts in macaques were associated with 
complement signaling (C5, CD55, C4BPA), apoptosis (HMGB1, 
AKT3, BCL2L1, CLU), granule release (GZMK), hematopoiesis 
(IL11RA), and extracellular matrix reorganization (CEACAM8) 
[30–32]. Repression of many of these mRNAs (C5, C4BPA, CLU, 
GZMK, IL11RA, CEACAM8) was sustained at late in the disease. 
Besides these changes, we also observed decreased expression of 
CD244, which encodes a cell surface receptor thought to mediate 
non-major histocompatibility complex (MHC)-restricted killing 
by natural killer (NK) cells [33]. Late in the disease, upregulated 
transcripts in macaques were involved in B-cell antigen pres-
entation (CD79A); differentiation of B cells into antibody-
secreting plasma cells (MS4A1); myeloid cell maturation (IRF8); 
and defensin activity (DEFA1) [34–37]. Similarly, grouping by 
survivors, which pooled common differentially expressed tran-
scripts (DETs) for cynomolgus macaques and the 5 surviving 
AGMs, indicated increased expression of transcripts involved in 
adaptive immunity (SLAMF6, FYN, SH2D1A, CCR5) compared 
to fatal AGM subjects. Additionally, transcripts relating to T-cell 
function, differentiation, and activation were upregulated in sur-
vivors (Figure 3B). Specifically, we observed a greater log2-fold 
change for T-cell receptor (TCR)-associated transcripts (CD3G, 
CD3D, CD3E), T-cell coreceptor signaling molecules (CD8A, 
LCK), and the master transcriptional regulator for T helper 1 
(Th1) cells, TBX21 [38]. In contrast, mRNAs affiliated with inter-
feron (IFN) signaling were repressed in survivors (MX2, GBP1, 
JAK2, IL18, CXCL10). In late disease, no DETs were noted other 
than decreased expression of IL1R2, a decoy receptor in the IL-1 
family that inhibits activity of its ligands, IL-1α and IL-1β [39]. 
Thus, survivor transcriptional signatures correlated with Th1 
differentiation and activation of adaptive responses, whereas 
poor prognosis was associated with innate signaling.

To determine canonical signaling pathways associated with 
survival, we performed IPA-based functional enrichment of 
DETs. AGMs were segregated by disposition (fatal or survivor), 
whereas macaques were combined into a single survivor group 
for this analysis. The AGM survivor group was not displayed at 
early disease as no significantly enriched pathways were identi-
fied at this time point.

All groups shared pathways mapping to IFN, pattern recog-
nition receptor, neuroinflammation, and nitric oxide signaling 
(Figure 4). Other common upregulated pathways included T-cell 
exhaustion, Tec kinase signaling, dendritic cell maturation, and 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz613#supplementary-data
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TREM1 signaling. As with our differential expression analysis, 
survival correlated with T-cell differentiation. For example, 
we observed positive z-scores in AGM and macaque survivor 
groups for the Th1 pathway and Jak/Stat signaling at late dis-
ease. Th2 and Th17 pathways were also upregulated in ma-
caque survivors at this point. Additionally, NF-κβ signaling was 
enhanced in both survivor groups. Conversely, transcripts as-
sociated with T-cell activation and differentiation, for example, 
IL-2 signaling, Th1 and Th2 pathways, TGF-β, IL-23, and CD40 
canonical pathways, were downregulated in the AGM fatal 
group at this time point. Instead, these animals expressed tran-
scripts mapping to TLR, MAPK, PD-1, complement, and LPS/
IL-1-related pathways. These data suggest that henipavirus dis-
ease is associated with prolonged innate signaling, complement 
activation, and suppression of T-cell responses.

To further capture shifts in circulating immune cell popula-
tions, we used nSolver cell type profiling and ImmQuant DCQ 
(IRIS database). In line with our differential expression anal-
ysis and IPA results, the nSolver approach indicated DETs in 
the fatal versus survivor data set were associated with increased 
frequencies of B cells and Th1 cells (Figure 5A). B-cell-type 
quantities were also higher in macaques. In contrast, frequen-
cies of mast cells, NK cells, and exhausted CD8+ T cells were 
predicted to decrease in AGM survivor and macaque groups. 
To cross-validate our results, ImmQuant DCQ was used to cal-
culate relative changes at early and late disease. In late disease,  
we observed statistically significant cell type abundances of 
dendritic cells, monocytes, and resting neutrophils in the fatal 
group. In agreement with our nSolver estimations, increased 
B-cell memory immunoglobulin M (IgM) and plasma cell 

Species
A

B

PC1 – 0.34

PC2 – 0.13

Disposition Disease State Virus

Species

AGM

Fatal

Baseline

Species
Disposition

Disease.State
Virus

Early
Late

Survivor

Cynomolgus
Macaque

Disposition

Disease State

Virus

–3 –2 –1 0

Column Z-Score

1 2 3

NiVB

NiVM

HeV

Color Key

Figure 2.  Transcriptional changes grouped by each covariate. (A), Principal component analysis of all differentially expressed transcripts at baseline, early, and late disease. 
Shown are individual samples isolated by species, disposition, disease state, or challenge virus. (B), Heat map of normalized data generated via unsupervised clustering. Data 
were scaled to give all genes equal variance. Orange indicates high expression (z-scores); blue indicates low expression. Baseline (pre-challenge); early disease (3 days post 
infection); late disease (7 days post infection in survivors, or the terminal time point in fatal subjects). Specific P-values for each transcript and comparison are provided in 
Supplementary Data 1. Abbreviations: AGM, African green monkey; HeV, Hendra virus; NiVB, Nipah virus Bangladesh; NiVM, Nipah virus Malaysia; PC1, principal component 
1; PC2, principal component 2. 



S442  •  jid  2020:221  (Suppl 4)  •  Prasad et al

quantities were found in survivors (Figure 5B). In early disease, 
NK cells and CD4 T cells were predicted to increase in the fatal 
group, and again frequencies of B cell memory IgM and plasma 
cell quantities were higher in survivors. Furthermore, plasma 
cells were detected in the macaque group in early and late dis-
ease time points (Figure 5C). In the AGM group, DCQ profiling 
indicated expansion of dendritic cell, late-differentiated mono-
cyte, and Th2 cell populations.

DISCUSSION

The bioweapon potential of NiV and HeV, along with the in-
creased frequency of outbreaks (particularly for NiVB), makes 

development and approval of vaccines and therapeutics for 
henipaviruses of critical importance. These efforts are compli-
cated by the restriction of research involving infectious HeV 
and NiV to BSL-4 laboratories. Moreover, the unpredictable 
nature of outbreaks makes conducting efficacy trials of vac-
cines and therapeutics in humans difficult to plan and exe-
cute. Given these limitations, it is likely that any approval of 
a henipavirus vaccine or therapeutic will have to rely on data 
generated in animal models under the US Food and Drug 
Administration Animal Rule. Although AGMs have proven to 
be a valuable species for accurately modeling henipavirus dis-
ease seen in humans, development of an equivalent model in 
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a well-characterized NHP species would be of benefit for nu-
merous practical and logistical reasons.

In the present study, we assessed the potential of cynomolgus 
macaques as surrogates to AGMs for modeling henipavirus in-
fection in humans. In contrast to the severe and usually fatal 
disease seen in AGMs, infection with NiVB, NiVM, or HeV re-
sulted in only mild or asymptomatic infection in macaques. 
This surprising inability of all 3 henipaviruses to cause severe 
clinical disease in macaques similar to that seen in AGMs,  with 
the exception of NiVB, which produced markedly lower levels of 
vRNA in the blood than in AGMs.

In an effort to identify correlates of protection from lethal 
henipavirus-induced disease, we profiled serum cytokine/che-
mokine levels as well as immune transcript expression at early 

and late time points in the disease course and made compari-
sons between species and clinical outcome. Several cytokines 
showed significant differential abundance in AGMs and ma-
caques at early and/or late time points. Specifically, modest 
levels of IL-15 and IL-8 were found in macaques versus AGMs 
but not in AGMs surviving henipavirus infection compared to 
those that succumbed to disease. However, these cytokines were 
more abundant in late disease in AGMs, along with other pro- 
and anti-inflammatory mediators. Conversely, IL-4 and MCP-1 
concentrations were higher in AGMs than macaques. IFN-γ 
and IL-4 are pleiotropic cytokines that play opposing roles in T 
cell development: both act in positive-feedback loops to stim-
ulate differentiation of naive CD4+ T cells into Th1 and Th2 
cells, respectively, while also suppressing differentiation of the 
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reciprocal cell type [40]. IL-15 plays roles in mediating the pro-
inflammatory response and memory T-cell generation, among 
many others [41]. IL-8 is secreted by macrophages, epithelial 
cells, endothelial cells, and other cells types to induce chemo-
taxis of granulocytes (e.g., neutrophils) toward sites of infection. 
The stark difference between MCP-1 abundance in AGMs and 
macaques is of particular interest because of its primary role as 
a monocyte recruitment chemoattractant. Specifically, in addi-
tion to other leukocytes, monocytes, which do not support NiV 
replication, can bind the virus to the cell surface and facilitate 
trans-infection both in vitro and in vivo, allowing for spread of 
the virus via the hematogenous route [42, 43]. Moreover, den-
dritic cells, which can support low levels of NiV replication, are 
differentiated in the presence of MCP-1 [42–44]. Thus, the rel-
ative low abundance of MCP-1 in macaques versus AGMs may 
play a protective role in these animals by limiting the availa-
bility of cells for trans-endothelial dissemination. High levels of 
IL-8 and MCP-1 correspond with fatal outcome in other NHP 
studies involving NiV [23].

To further investigate species-specific differences in host 
immune responses that contribute to henipavirus disease, we 
utilized a targeted transcriptome profiling approach, a method 
previously utilized for Ebola virus infection studies in NHPs 
[45]. Clustering by IPA indicated species and disposition were 
the primary parameters that accounted for the majority of gene 
expression changes. Our analysis revealed increased expres-
sion of adaptive immunity pathways and related transcripts in 
both macaque and survivor datasets. Specifically, in silico anal-
ysis using nSolver and ImmQuant showed recruitment of Th1 
cells, plasma cells, cytotoxic CD8+ T cells, and IgM+ B cells. In 
fatal and AGM subjects, dysregulation of complement and IFN 
signaling was a notable finding. Conversely, predicted granulo-
cyte expansion, complement dysregulation, and prolonged in-
nate signaling contributed to fatal disease. Skewing of T-helper 
cells toward the Th1 subtype was previously demonstrated in 
AGMs surviving NiVM-infection [22, 46]. Our data suggest that 
macaques and surviving AGMs promote Th1 differentiation, at 
least in part by maintaining low levels of pro-Th2/anti-Th1 IL-4 
and higher levels of pro-Th1/anti-Th2 IFN-γ early in infection. 
Other cell subsets (NK cells, NK T cells) that lack antigen spec-
ificity may contribute to the high levels of IFN-γ seen in fatal 
AGM subjects at late disease [47]. Secretion of IFN-γ may in-
stead contribute to inflammation, as these cells are unable to 
specifically recognize virally infected cells [48]. Alternatively, 
Th1 cells may be recruited into tissues in survivors, or these 
cells may be recruited too late in disease to adequately combat 
infection in fatal subjects.

Given the strong correlation between cellular and humoral 
immunity on intra- and interspecies specific disease and survival 
outcomes to henipavirus infection, the ability of henipaviruses 
to replicate relatively benignly in macaques to levels that cause 
lethal disease in AGMs may seem counterintuitive. Similarly, 

AGMs and sooty mangabeys sustain high viral loads of simian 
immunodeficiency virus (SIV) and do not progress to AIDS, 
whereas rhesus macaques follow the disease progression seen 
with human immunodeficiency virus (HIV) in humans [48]. 
To address these seemingly paradoxical observations, Palesch 
and colleagues recently conducted a survey of the sooty man-
gabey transcriptome and found substantial sequence diver-
gence in several immune genes compared to AIDS-susceptible 
human and macaque orthologs, including TLR-4, which is 
thought to cause SIV-induced chronic inflammation and even-
tual immune collapse [49]. Likewise, genetic or epigenetic dif-
ferences between cynomolgus macaques, humans, and AGMs 
may also contribute to differences in host immune responses, 
and are avenues of further research. Indeed, the present study 
provides an interesting observation that cynomolgus macaques 
native to Southeast Asia, where pathogenic henipaviruses are 
endemic, respond to infection with minimal pathological 
outcome, whereas the AGM presents with severe disease fol-
lowing infection by NiV and HeV, viruses not known to be 
present in the natural geographic range of AGMs. Our data 
identify potentially promising host pathways for rational de-
sign of henipavirus therapeutics. Future studies assessing Th1 
adjuvants as a postexposure intervention to enhance protec-
tion is but one approach that may have utility in combating 
henipavirus infection.
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