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During 2001-2002 and 2008-2011, two epidemic outbreaks of infectious hemorrhagic disease have
been found in Japanese macaques (Macaca fuscata) in Kyoto University Primate Research Institute,
Japan. Following investigations revealed that the causative agent was simian retrovirus type 4
(SRV-4). SRV-4 was isolated by using human cell lines, which indicates that human cells are potently
susceptible to SRV-4 infection. These raise a possibility of zoonotic infection of pathogenic SRV-4
from Japanese macaques into humans. To explore the possibility of zoonotic infection of SRV-4 to
humans, here we use a human hematopoietic stem cell-transplanted humanized mouse model. Eight
out of the twelve SRV-4-inoculated humanized mice were infected with SRV-4. Importantly, 3 out

of the 8 infected mice exhibited anemia and hemophagocytosis, and an infected mouse died. To
address the possibility that SRV-4 adapts humanized mouse and acquires higher pathogenicity, the
virus was isolated from an infected mice exhibited severe anemia was further inoculated into another
6 humanized mice. However, no infected mice exhibited any illness. Taken together, our findings
demonstrate that the zoonotic SRV-4 infection from Japanese macaques to humans is technically
possible under experimental condition. However, such zoonotic infection may not occur in the real
society.

Simian type D retroviruses, a lineage of the genus Betaretrovirus, are enzootic in Asian monkeys (the
genus Macaca) such as cynomolgus monkeys (Macaca fascicularis) and rhesus macaques (Macaca
mulatta)'=. Although mild illness such as anemia and diarrhea can be occasionally observed in infected
cynomolgus monkeys, the infections of simian type D retroviruses are usually benign and asymptomatic
in these monkeys®*.

During 2001-2002 and 2008-2011, in Kyoto University Primate Research Institute (KUPRI), Japan,
Japanese macaques (Macaca fuscata), a species of the genus Macaca, died of a hemorrhagic syndrome
with profound symptoms such as anorexia, pallor, and severe anemia with thrombocytopenia®~”.
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Extensive laboratory investigations revealed that the causative agent was a simian type D retrovirus, sim-
ian retrovirus type 4 (SRV-4)>3. Although SRV-4 infection is usually benign in cynomolgus monkeys’,
SRV-4 infection in Japanese macaques has not been reported so far. Therefore, the reason why and how
SRV-4 infection leads to high pathogenicity and mortality in Japanese macaques had not been reported
until we recently reported®”. By experimental infection of Japanese macaques with an SRV-4 isolate and
molecularly cloned SRV-4, we reproduced severe thrombocytopenia in all six SRV-4 inoculated Japanese
macaques within 31 days after virus inoculation®. We detected SRV-4 proviruses in blood cells and SRV-4
RNA in plasma from 3 to 11 days post infection. The viral RNA copy numbers in plasma stayed at a high
level (10° to 107 copies/ml) until the onset of severe thrombocytopenia®. We also demonstrated that the
receptor for SRV-4 in Japanese macaque is ASCT2, a neutral amino acid transporter®. ASCT2mRNA is
expressed in a variety of tissues and could be detected at a high level in stomach, colon, lung, thymus,
spleen, lymph nodes, testis, and prostate®. In parallel with ASCT2 expression levels, the SRV-4 proviral
copy numbers in digestive and lymph organs were relatively high in SRV-4-infected Japanese macaques,
reaching to 0.005 to 0.04 copies per cell (relative copy numbers to GAPDH gene)®. Intriguingly, we could
not detect any anti-SRV-4 antibodies in almost all Japanese macaques showing severe thrombocytope-
nia%’, which may indicate that the majority of Japanese macaques are immunologically tolerant to SRV-4.
The pathobiological mechanism of the diseases induced by SRV-4 in Japanese macaques is still unknown
at present. Therefore, the reason why and how SRV-4 infection leads to high pathogenicity and mortality
in Japanese macaques in KUPRI remains unveiled.

So far, Lerche et al. have reported that the humans, who occupationally exposed to nonhuman pri-
mates such as the genus Macaca, can be infected with simian type D retroviruses'®. Although certain
reports have suggested that betaretroviruses can infect humans and are associated with some illness such
as breast cancer with primary biliary cirrhosis'! !4, this concept is still controversial'>-'7, and there is no
generally accepted consensus that retrovirus infection causes disease in humans except for human T-cell
leukemia virus (HTLV) and human immunodeficiency virus (HIV) infections. However, it is of particu-
lar importance that human cell lines such as 293T cells (human embryonic kidney cell line), Raji cells
(human B cell line), and TE671 cells (human rhabdomyosarcoma cell line)'® were used for the SRV-4
isolation from infected Japanese macaques with severe symptoms®. Since human cells are intrinsically
susceptible to SRV-4 infection, we cannot exclude the possibility of zoonotic transmission of pathogenic
SRV-4 into human population.

In order to reproduce and elucidate the infections of human-specific pathogens such as HIV in vivo,
we have constructed a humanized mouse model by xenotransplanting human CD34* hematopoietic stem
cells (HSCs) into an immunodeficient NOD/SCID II2rg”~ (NOG) mouse!*-?. In this system, human leu-
kocytes are differentiated de novo and are stably and longitudinally maintained. By using these human-
ized mice, we have established novel animal models for HIV and Epstein-Barr virus (EBV) infections and
related diseases'®26. It is particularly noteworthy that our humanized mice, named NOG-hCD34 mice,
are able to recapitulate the pathogenesis of EBV infection including hemophagocytosis and normocytic
anemia with high mortality®.

Recently, it has been revealed that SRV-4 preferentially replicates in the lymphoid tissues such as
spleen, bone marrow (BM), lymph nodes, and tonsil of the Japanese macaques infected with SRV-4¢.
Since our humanized mice have the ability to maintain human leukopoiesis, we can test the possibility of
SRV-4 infection in human by using humanized mouse model. Here, by utilizing our humanized mouse
model, we demonstrate that the SRV-4 isolated from Japanese macaques with severe illness in KUPRI is
able to cause zoonotic transmission into humans and potently exhibit pathogenic effects. However, our
results also suggest that such zoonotic transmission may not naturally occur in the real society.

Results

SRV-4 inoculation into humanized mouse model. In order to investigate the impact of SRV-4
infection in vivo, SRV-4, which is isolated from a Japanese macaque with severe thrombocytopenia®~/,
was intraperitoneally inoculated into humanized mice. We performed two independent experiments,
and in total, 19 humanized mice, which were reconstituted with human CD34" hematopoietic stem
cells from 3 individual donors, were used for this study (Table 1). For the experiment 1 (Fig. 1), 5 mice
were inoculated with SRV—4 (4.8 x 10° 50% tissue culture infectious dose [TCIDs,] per mouse) and 3
mice were used for mock infection. For the experiment 2 (Fig. 2), 7 mice were inoculated with SRV—4
(8.4 x 10° TCIDs, per mouse) and 3 mice were used for mock infection.

As shown in Figs 1a and 2a, SRV-4 proviral DNA was detected in the BM, spleen, liver, thymus, and
mesenteric lymph node (MLN) of 8 out of the 13 SRV-4-inoculated humanized mice at 10 weeks postin-
fection (wpi). We also quantified the copy number of viral DNA by real-time PCR and revealed that the
copy numbers of viral DNA in these 2 mice were comparable (no. 2; 0.38 £ 0.02 copies/cell in spleen and
0.50+£ 0.01 copies/cell in BM; no. 3; 0.77 = 0.02 copies/cell in spleen and 0.87 4= 0.04 copies/cell in BM).
RT-PCR analyses revealed that SRV-4 efficiently replicated in hematogenous and/or lymphoid organs
such as BM and spleen of infected mice (Fig. 1b). However, in peripheral blood (PB), proviral DNA was
detected only in the mouse no. 10 at 8 wpi (Fig. 2a), and viral RNA was not detected in the plasma of
all SRV-4-inoculated mice used in the experiment 1 (Fig. 1b). These results suggest that SRV-4 is able to
replicate in humanized mouse model, while is incapable of inducing a high level of viremia.
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1 131 M a 120,000 SRV-4 4.8 11
2 131 M a 120,000 SRV-4 4.8 11
3 132 F a 120,000 SRV-4 48 11
4 132 F a 120,000 SRV-4 4.8 11
5 132 F a 120,000 SRV-4 4.8 11
6 132 F a 120,000 - 11
7 132 M a 120,000 - 11
8 132 M a 120,000 - 11
9 143 F b 170,000 SRV-4 8.4 19
10 143 F b 170,000 SRV-4 8.4 19
11 144 F c 100,000 SRV-4 8.4 18
12 144 F c 100,000 SRV-4 8.4 18
13 144 F c 100,000 SRV-4 8.4 18
14 144 M c 100,000 SRV-4 8.4 18
15 144 M c 100,000 SRV-4 8.4 18
16 143 F b 170,000 - 19
17 144 F c 100,000 - 18
18 144 M c 100,000 - 18
19 138 F c 110,000 SRV-4* 4.8 14
20 138 M c 110,000 SRV-4* 4.8 14
21 141 M [ 110,000 SRV-4* 4.8 12
22 141 M [ 110,000 SRV-4* 4.8 12
23 141 M [ 110,000 SRV-4* 4.8 12
24 141 M [ 110,000 SRV-4* 4.8 12
25 138 F [ 110,000 - 14
26 138 F [ 110,000 - 14
27 141 M [ 110,000 - 12

Table 1. Humanized mice used in this study.® *hHSCs, human CD34" hematopoietic stem cells; M, male;
E female. "The mouse numbers correspond with those in the Figures. Six lots of new born NOG mice were
used for the recipient. ‘NOG-hCD34 mice were reconstituted with one of three donors. °SRV-4*, the virus
isolated from the BM of an SRV-4-infected mouse (no. 2).

Normocytic anemia and hemophagocytosis in SRV-4-infected humanized mice. Since SRV-4
infection in Japanese macaques induced severe thrombocytopenia with anemia®”’, we assessed the path-
ogenic effect of SRV-4 infection in humanized mice. As shown in Figs 1c and 2b, a transient decrease
of body weight was occasionally observed in certain SRV-4-infected mice, particularly mouse no. 2.
Also, a transient increase of white blood cells was observed in the 2 SRV-4-infected mice (no. 2 and 5;
Fig. 1d), and the majority of the expanding leukocytes in the PB of these 2 infected mice was T cells,
particularly memory CD8" T cells (Fig. 11-1t). Furthermore, 3 out of the 8 SRV-4-infected mice (no. 2,
10, and 12) displayed the decreases of red blood cell number (Figs le and 2d), hematocrit (Figs 1g and
2f), and hemoglobin (Figs 1h and 2g), suggesting that SRV-4 infection occasionally causes anemia in
humanized mice. Further, hematological analyses revealed that the values of mean corpuscular volume
(MCYV; Figs 1i and 2h), mean corpuscular hemoglobin (MCH; Figs 1j and 2i), and mean corpuscular
hemoglobin concentration (MCHC; Figs 1k and 2j), which indicate the quality of red blood cells, in the
mice exhibited anemia (Figs le and 2d) were comparable to mock-infected mice, strongly suggesting that
normocytic anemia occurred in certain SRV-4-infected mice.

Since normocytic anemia is caused by the augmented destruction of red blood cells by phagocyto-
sis?’, we asked whether phagocytosis is occurred in the infected mouse exhibiting anemia. As shown in
Fig. 1u, hematoxylin and eosin (H&E) staining revealed that a large number of macrophage-like phago-
cytes resided in the hepatic sinusoids and the region close to central vein (CV) in the liver of the infected
mouse (no. 2). Also, the infiltrated lymphocytes surround the activated hepatic macrophages (Fig. 1u,
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Figure 1. Dynamics of SRV-4 infection in humanized mouse model (experiment 1). (a,b) Proviral DNA
(a) and viral RNA (b) were respectively analyzed by PCR and RT-PCR (targeted to env region). ACTB

and Actb (the murine ortholog of human ACTB) were used as internal control, and the RT-PCR without
reverse transcriptase (-RT) was used as negative control. In a and b, the results of MLN in mouse no. 4
are not shown because MLN was not detected. (c-t) Longitudinal analyses on the dynamics of SRV-4
infection. X-axes indicate wpi. (c) The body weights were routinely measured and were shown as the ratio
to the initial weight. (d-k) The numbers of white blood cells (d) red blood cells (e) and platelets

(f) hematocrit (g) hemoglobin concentration (h) and the values of MCV (i), MCH (j) and MCHC (k) were
measured by hematometry. (I-t) The numbers of human CD45" leukocytes (1), CD3" T cells (m) CD4" T
cells (CD37CD4™ cells; (n) CD8" T cells (CD37CD8" cells; (0) naive CD4" T cells (CD37CD4+"CD45RA™
cells; (p) memory CD4" T cells (CD37CD4*CD45RA" cells; (q) naive CD8" T cells (CD3*CD8"CD45RA ™"
cells; (r) memory CD8" T cells (CD3*CD8"CD45RA" cells; (s) and CD19* B cells (t) were analyzed by
flow cytometry and hematometry. In c-t, red, an SRV-4-infected mouse exhibited anemia (no. 2); brown,
an SRV-4-infected mouse (i.e., viral DNA was detected; no. 3); and black, SRV-inoculated mice without
viral replication. The data from mock-infected mice (n= 3) is presented as averages with SEMs. The
mouse numbers correspond to those in Table 1. (u-w) Hemophagocytosis in the liver of an SRV-4-infected
mice exhibited anemia (no. 2). The liver section of the mouse was assessed by H&E staining (u, right),
immunostaining (v), and Berlin blue staining (w), and the representatives are shown. In u, H&E staining
of the liver section of mock-infected mouse is presented on the left panel. In u and v, areas enclosed with
squares are enlarged in independent panels. Arrowheads indicate the degenerated hepatocytes. In w, the
cells stained with blue indicate hemosiderin-containing hemophagocytic macrophages. CV, central vein;
PV, portal vein. Scale bar, 100 pm. In a and b, gels have been cropped; full uncropped gels are available as
Supplementary Figure 1.
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Figure 2. Dynamics of SRV-4 infection in humanized mouse model (experiment 2). (a) Proviral DNA
was analyzed by PCR (targeted to env region). Actb/ACTB were used as internal control. In a, the results

of thymus, MLN, and PB at 8 and 10wpi in mouse no. 12 are not shown because this mouse was suddenly
died at 6 wpi. (b-j) Longitudinal analyses on the dynamics of SRV-4 infection. X-axes indicate wpi. (b) The
body weights were routinely measured and were shown as the ratio to the initial weight. (c-j) The numbers
of white blood cells (c), red blood cells (d), platelets (e), hematocrit (f), hemoglobin concentration (g), and
the values of MCV (h), MCH (i), and MCHC (j) were measured by hematometry. In b-j, red, SRV-4-infected
mice exhibited anemia (no. 10 and 12); brown, SRV-4-infected mouse (i.e., viral DNA was detected; no. 11,
13-15); and black, an SRV-inoculated mouse without viral replication. Note that mouse no. 12 exhibited
anemia and suddenly died at 6 wpi, which is indicated by daggers in b-j. The data from mock-infected mice
(n=3) were presented as the averages with SEMs. The mouse numbers correspond to those in Table 1. (k)
Hemophagocytosis in the BM of an SRV-4-infected mice exhibited anemia (no. 10). The BM fluid smear was
assessed by NSE staining, and a representative result is shown. Macrophages (brown) and neutrophils (blue)
are stained. In a, gels have been cropped; full uncropped gels are available as Supplementary Figure 2.

upper right), and the degenerated hepatocytes (Fig. 1u, lower right) were observed. Immunostaining
revealed that human CD68" macrophages were expanded and the majority of the infiltrating lympho-
cytes were human CD87 T cells (Fig. 1v). Moreover, Berlin blue staining revealed that these macrophages
in the liver of infected mouse contained intracellular hemosiderin, which was derived from engulfed red
blood cells (Fig. 1w). Non-specific esterase (NSE) staining revealed that the macrophages engulfing red
blood cells were resided in the BM of the SRV-4-infected mice exhibited anemia (Fig. 2k). Interestingly,
the hemophagocytosis in BM was particularly observed in the infected mice displayed anemia (Table 2).
Taken together, these findings strongly suggest that SRV-4 infection can cause hemophagocytosis leading
to normocytic anemia in humanized mice.

The effect of SRV-4 infection on cytokine production. We have previously reported that hemo-
phagocytosis and severe anemia can be induced by EBV infection in NOG-hCD34 mice, and that the
hemophagocytosis and anemia closely associated with the overproduction of inflammatory cytokines,
particularly IFN-~4%. To address the possibility that the hemophagocytosis and anemia observed in
SRV-4-infected mice is exerted by the augmentation of cytokines, we quantified the amounts of human
cytokines in the plasma of infected mice. As shown in Fig. 3, however, the levels of human cytokines
including IFN-~, TNF-q, IL-6, IL-2, IL-4, and IL-10 in the plasma of SRV-4-infected mice were com-
parable to those in mock-infected mice. These findings suggest that the inflammatory cytokines are not
associated with the pathogenic condition in SRV-4-infected humanized mice.

No adaptation of SRV-4 into humanized mice. Although we did not observe high frequent and
pathogenic effect by SRV-4 infection in humanized mice, 8 out of the 13 SRV-4-inoculated mice allowed
viral replication, and 3 of the 8 infected mice exhibited normocytic anemia (Figs 1 and 2). These raise
a possibility that the SRV-4 replicated and exerted anemia in humanized mice has adapted into human
condition and has acquired higher pathogenic potential. To explore this possibility, the human mon-
onuclear cells (MNCs) isolated from the spleen and the BM of 2 humanized mice (no. 2 and 3) were
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_ Viral DNA® NSE staining?
no.* BM Spleen Anemia® Macrophages® Phagocytosis’ Notes
9 - - - + +/—
Exhibited
10 + + + ++ + anemia and
recovered.
11 +/= +/= - + -
Exhibited
12 + + + NA NA anemia and
suddenly died.
13 + + - + -
14 + + - + -
15 + + - + -
16 - - -
17 - - - +/— -
18 - - - - -

Table 2. Summary of the observations in the experiment 2. NA, not applicable because the BM fluid
specimen was not obtained. *The mouse numbers correspond with thos in Table 1 and Fig. 2. "The results
of PCR analyses (Fig. 2a) were summarized. “The results of hematological analyses (Figs 2d,f,g) were
summarized. 9The observation on NSE staining was assessed by the two hematologists (J.Y. and M.M.).
‘macrophages were : ++, frequently observed ; +, observed ; +/—, less observed ; —, not observed.
fphagocytosing macrophages were : +, observed ; +/—, less observed ; —, not observed.

cocultured with 293T cells. The SRV-4 was successfully replicated in in vitro coculture with 293T cells
(Fig. 4a—c), and sequencing analysis revealed that the SRV-4 isolated from infected humanized mice
acquired several mutations in its proviral genome (Table S2). In order to assess the pathogenic poten-
tial of the isolated SRV-4, we prepared the SRV-4 solution (SRV-4*), which is isolated from an infected
mouse exhibited anemia (no. 2), and inoculated this viral solution (4.8 x 10° TCIDs,) into 6 humanized
mice (experiment 3). As shown in Fig. 4d,e, viral DNA and RNA were detected in lines of organs of the 2
SRV-4*-inoculated mice (no. 19 and 22). However, in contrast to the experiments 1 and 2 (Figs 1 and 2),
the body weights of SRV-4*-inoculated mice did not change (Fig. 4f), and obvious anemia was not
observed in these mice (Figs 4g-n). These findings strongly suggest that the SRV-4, which is replicated
in a humanized mouse and induced anemia and hemophagocytosis, is not acquired a higher pathogenic
potential in humanized mice.

Effect of human APOBEC3 proteins against SRV-4 replication. As listed in Table S2, 25 out of
the 35 substitution mutations observed (71.4%) were G-to-A mutation. This mutation pattern is reminis-
cent of the effect caused by human APOBEC3 cytidine deaminases; human APOBEC3 family proteins,
particularly APOBEC3F and APOBEC3G, are incorporated into the released particles of HIV-1 and
related retroviruses and enzymatically induce G-to-A mutations in the nascent DNA, which results in
the disruption viral replication?. Since human APOBECS3 proteins potently mutate betaretroviruses such
as mouse mammary tumor virus®’, we asked whether human APOBEC3 proteins affect the infectivity of
SRV-4 in in vitro cell culture. As shown in Fig. 5a, both APOBEC3F and APOBEC3G suppressed SRV-4
infectivity in dose-dependent manners. Although it is well known that APOBEC3G exhibits more robust
anti-HIV-1 activity than APOBEC3F?**%31, we found that APOBEC3F shows higher anti-SRV-4 activity
than APOBEC3G (Fig. 5a). To further address this, we performed Western blotting and found that the
incorporation efficacy of APOBEC3F into the released viral particles was 5.5-fold higher than that of
APOBEC3G (Fig. 5b,c). Furthermore, we used the catalytically inactive (CI) mutants of APOBEC3G
(E259Q) and APOBEC3F (E251Q)* and revealed that these CI mutants did not show anti-SRV-4 effect
(Fig. 5d). Taken together, these findings suggest that APOBEC3F exhibits robust anti-SRV-4 activity and
that the anti-SRV-4 effect caused by APOBEC3F/G is dependent on their enzymatic activity.

Discussion

It is known that HIV, the causative agent of acquired immunodeficiency syndrome (AIDS), has emerged
in human population by zoonotic transmission of SIVs from non-human primates during the early 20th
century®>*. In addition, it has been recently reported that an avian flu (H5N1) with high pathogenicity
and mortality can be transmissible in ferrets, which have a similar immunity to humans, under certain
experimental conditions®**. These two facts indicate that human population is always exposed to the
risk of emerging/re-emerging infection, and that we should keep eyes on the emergence possibility. As
mentioned in the Introduction, a highly pathogenic virus in Japanese macaques, SRV-4, has been recently
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Figure 4. Dynamics of SRV-4* infection in humanized mouse model (experiment 3). (a-c) Virus isolation
from infected humanized mice. (a) The human MNCs isolated from the BM and spleen of SRV-4-inoculated
mice were cocultured with 293T cells. DNA was extracted from the cocultured 293T cells and proviral DNA
was analyzed by PCR. (b,c) LacZ marker rescue assay. The detailed procedure is described in Methods, and
representative results of LacZ marker rescue assay are shown in c. Arrowheads indicate the presence of blue
foci. (d,e) Proviral DNA (d) and viral RNA (e) were respectively analyzed by PCR and RT-PCR (targeted

to env region). Actb/ACTB were used as internal control, and-RT was used as negative control. (f-n)
Longitudinal analyses on the dynamics of SRV-4* infection. X-axes indicate wpi. (f) The body weights were
routinely measured and were shown as the ratio to the initial weight. (g-n) The numbers of white blood
cells (g), red blood cells (h), platelets (i), hematocrit (j), hemoglobin concentration (k), and the values of
MCV (1), MCH (m), and MCHC (n) were measured by hematometry. In f-n, brown, SRV-4-infected mice
(i.e., viral DNA was detected; no. 19 and 21); and black, SRV-inoculated mice without viral replication.

The data from mock-infected mice (n=3) were presented as the averages with SEMs. The mouse numbers
correspond to those in Table 1. In a, d, and e, gels have been cropped; full uncropped gels are available as
Supplementary Figure 3.
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Figure 5. Anti-SRV-4 ability of human APOBEC3 proteins. (a) Dose-dependent anti-SRV-4 ability of
human APOBEC3F and APOBEC3G. 293T cells were cotransfected with pSR415 (1 g), pSRV4luc (1pg),
and flag-tagged APOBEC3G (blue) or APOBEC3F (red) expression plasmids (25, 50, 100, or 200 ng), and
the infectivity of the released virions in the culture supernatant was measured as described in Methods. The
infectivity is shown as the percentage of the value of APOBEC3-untransfected cells. (b,c) Western blotting.
293T cells were cotransfected with pSR415 (1pg), pSRV4luc (1g), and flag-tagged APOBEC3G (blue) or
APOBECS3F (red) expression plasmids (200 ng). The expression levels of viral proteins (Gag and CA) and
flag-tagged APOBECS3s in the transfected cells, the amount of released virion in the culture supernatant (CA
and TM), and the amount of APOBECS3 in the released virion was assessed by Western blotting. The input
of cell lysate was standardized to a-tubulin (TUBA), and representative results are shown in b. The amount
of APOBEC3s in the released virion was quantified as described in Methods, and the summarized data

of the 6 independent experiments are shown in c. (d) Deaminase-dependent anti-SRV-4 ability of human
APOBEC3F and APOBEC3G. 293T cells were cotransfected with pSR415 (1.g), pSRV4luc (1pg), and
flag-tagged plasmid (200ng) expressing wild-type (WT) APOBEC3G, APOBEC3G E259Q, WT APOBEC3E,
or APOBEC3F E251Q. The infectivity of the released virions in the culture supernatant was measured as
described in Methods and is shown as the percentage of the value of APOBEC3-untransfected cells. In a
and d, the assays were performed in triplicate. The statistical difference is determined by Student’s t test,
and statistically significant difference (P < 0.05) against no APOBECS3 is indicated by asterisks. Error bars
represent SDs. In b, blots have been cropped; full uncropped blots are available as Supplementary Figure 4.

identified in KUPRI*”. Since this virus was isolated by using human cell lines (293T, Raji, and TE671
cells), it seems difficult to exclude the possibility that the virus exhibited a severe illness including hem-
orrhagic syndrome in the Japanese macaques can be transmitted and cause similar illness in humans.
By using humanized mouse model, we demonstrated that 46% (6/13) of the humanized mice inoculated
with a high dose of SRV-4 resulted in its infection and that only 23% (3/13) exhibited anemia. Although
an infected humanized mouse (no. 12) died exhibiting anemia, the other 2 mice with anemia (no. 2 and
10) recovered without any treatments. Moreover, the adaptation of SRV-4 into humanized mice with
higher pathogenicity was not observed. Altogether, these findings strongly suggest that the zoonotic
transmission of pathogenic SRV-4 into human population may not occur.

In a previous study, EBV infection in our humanized mice displayed severe illness accompanied
by anemia and hemophagocytosis®. In that case, 28 humanized mice were inoculated with EBV and
71% (20/28) of the inoculated mice presented severe anemia and resulted in fatal outcome within 10
weeks?®. EBV-infected mice exhibited hemophagocytosis in BM and liver, erythropenia, thrombocyto-
penia, expansion of activated CD8" T cells and their infiltration into organs such as liver, and IFN-y
hypercytokinemia®, suggesting that our humanized mouse model has the potential to reproduce anemia
caused by virus infection. In this study, only 3 out of the 13 SRV-4-infected mice displayed normocytic
anemia, the infiltration of CD8* T cells into liver, and the expansion of phagocytosing macrophages in
liver and BM. These are reminiscent of the observations in EBV-infected humanized mice?*. However,
the SRV-4-infected humanized mice exhibiting disorders did not show high and prolonged viremia,
which have been observed in the moribund Japanese monkeys infected with SRV-4>7, Moreover, viral
RNA was hardly detected in the plasma of all SRV-4-inoculated mice, suggesting that SRV-4 cannot
induce viremia and is less replicative in humanized mouse model when compared to Japanese macaques.
Furthermore, IFN-~ hypercytokinemia, a hallmark of EBV-infected humanized mice with fatal anemia®,
was not observed in SRV-4-infected humanized mice. Therefore, these findings suggest that SRV-4 is
less replicative and rarely induces severe hemophagocytosis leading to anemia in our humanized mice.

In humans, hemophagocytosis is often accompanied by cytokine storm?, but our data do not
support this scenario in our model for SRV-4 infection (Fig. 3). Regarding the trigger of accelerated
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hemophagocytosis in SRV-4-infected mice, at least 2 possibilities can be raised; the involvement of
unanalyzed inflammatory cytokines and the direct infection of SRV-4 into macrophages/phagocytes.
Related to the latter possibility, we revealed that human CD68+ macrophages/phagocytes are highly
activated and phagocytosing in the liver of the SRV-4-infected mice with exhibiting anemia (Fig. lu-w).
Importantly, betaretroviruses including SRV-4 are able to replicate only in proliferating/dividing cells®”.
Therefore, it is plausible that SRV-4 can replicate in the activated phagocytes/macrophages, which may
accelerate phagocytosis.

Based on the observations of the moribund Japanese macaques infected with SRV-4 exhibited acute
anemia with thrombocytopenia, it is implied that the SRV-4 infection in BM is attributed to fatal anemia
in Japanese macaques®”. In this study, SRV-4 infection was observed in the BM of the 3 humanized
mice with anemia (no. 2, 10, and 12). Since the NOG mice without human HSC xenotransplantation
were not infected with SRV-4 (data not shown), murine cells and organs are not susceptible to SRV-4
infection, and the human cells reconstructed in the BM of human HSC-transplanted humanized mice
were infected with SRV-4.

It is noteworthy that humanized mouse models do not possess the potential to induce efficient
acquired immune responses against pathogens®. Even such condition, SRV-4 at a higher dose (more
than 10° TCIDs,) rarely induced severe illness, further suggesting that SRV-4 is neither efficiently trans-
mitted into human population as zoonosis nor causes severe illness in infected persons. Importantly, it
has been recently reported that SRV-4 infection can be efficiently inhibited by certain anti-HIV-1 drugs®.
Therefore, the penetration and spread of SRV-4 in human population will be controlled by these drugs if
the persons are occupationally exposed to SRV-4 from the Japanese macaques exhibiting severe illness.

Interestingly, the SRV-4 isolated from infected humanized mice exhibited APOBEC3-associated muta-
tion signature (Table S2). We also revealed that APOBEC3F more robustly affected SRV-4 infectivity in
vitro (Fig. 5). These observations suggest that the APOBEC3F endogenously expressed in human cells
closely associated with the G-to-A mutations detected in the infected humanized mice. Moreover, we
have recently reported that APOBEC3F-mediated G-to-A mutations potently enhance the diversification
and evolution of HIV in vitro®® and in our humanized mouse model®. Because SRV-4 is more susceptible
to APOBEC3F than APOBEC3G (Fig. 5), the APOBEC3F-mediated mutation may drive the evolution
and diversification of SRV-4.

In conclusion, our findings demonstrate that the zoonotic SRV-4 infection from Japanese macaques to
humans would rarely occur. Moreover, this study also provides us a novel issue that humanized mouse
model can be used as the initial animal model to screen the emerging/re-emerging pathogens, which
exert the possibility to cause zoonotic infection into human population.

Methods

Ethics statement. All procedures including animal studies were conducted following the guidelines
for the Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science
and Technology, Japan. The authors received approval from the Institutional Animal Care and Use
Committees (IACUC)/ethics committee of Kyoto University institutional review board (protocol number
D13-25). All protocols involving human subjects were reviewed and approved by the Kyoto University
institutional review board. Informed written consent from human subjects was obtained in this study.

Humanized mice. NOD.Cg-Prkdc*® II2rg"!S*¢/Jic mice (NOG mice)*® were obtained from the
Central Institute for Experimental Animals (Kanagawa, Japan). The mice were handled in accordance
with the Regulation on Animal Experimentation at Kyoto University. Human HSCs were isolated from
human fetal liver as described previously®*. NOG-hCD34 humanized mouse was constructed as previ-
ously described!*-212>?4, Briefly, 27 newborn (aged 0 to 2 days) NOG mice from 6 litters were irradiated
with X-ray (10 cGy per mouse) by an RX-650 X-ray cabinet system (Faxitron X-ray Corporation) and
were then intrahepatically injected with the obtained human HSCs (10 x 10* to 17 x 10* cells). A list of
the humanized mice used in this study is summarized in Table 1. Although an SRV-4-inoculatd mouse
(no. 12) exhibited moribund condition (see below for detail) with anemia and acutely died, the other 18
mice used in this study were anesthetized and sacrificed at 10 wpi as previously described?.

Cell culture. 293T cells, TE671 cells'®, and TELCeB6 cells*® were maintained in Dulbeccos modi-

fied Eagle medium (DMEM) containing 10% fetal calf serum (FCS) and antibiotics as previously descr
ibed®20.21.41-43

Virus preparation, titration, and infection. (i) Experiment 1. Virus solution was prepared as pre-
viously described?®. Briefly, the culture supernatant of the TE671 cells persistently infected with a molecu-
lar clone of SRV-4 (pSR415)° were harvested, filtrated with 0.45-pm-pore-size filter (Millipore), and used
as virus solution. Because the infectivity of virus solution severely decreases by freeze-and-thaw?®, 1.5ml
of the virus solution was immediately inoculated into 6 humanized mice intraperitoneally. The infectivity
of virus solution was determined as TCID;, by LacZ marker rescue assay using TELCeB6 cells as previ-
ously described®. In experiment 1, the infectivity of the virus solution used was 3.2 x 10° TCID5y/ml, and
the amount of viral RNA of the virus solution used was 3.8 x 108 copies/ml. (ii) Experiment 2. Virus
solution (5.6 x 10° TCIDs/ml; 4.4 x 10® copies/ml) was prepared independently of the experiment 1, and
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1.5ml of the virus solution was intraperitoneally inoculated into 7 humanized mice. (iii) Experiment
3. The virus solution isolated from mouse no. 2 (SRV-4*) was prepared as described below (see “Virus
isolation from infected mice” section), and 1.5ml of the isolated virus solution (3.2 x 10° TCIDs,/ml;
2.0 x 10® copies/ml) was intraperitoneally inoculated into 6 humanized mice. In all three independent
experiments, DMEM was used in mock infections.

PB collection, isolation of mononuclear cells from organs, flow cytometry, and hematome-
try. PBand plasma were routinely collected as previously described!*-2**?4, Spleen, MLN, thymus, and
liver was crushed, rubbed, and suspended, and BM was obtained from the dissected thighbones by flush-
ing the interior as previously described”*. Human MNCs in the spleen and the BM were isolated as pre-
viously described?’. Flow cytometry and hematometry were performed as previously described!®-2% 2324,
Flow cytometry was performed with FACSCanto II and FACSCalibur (BD Biosciences), and the obtained
data were analyzed with CellQuest software (BD Biosciences) and FlowJo software (Tree Star, Inc.).
Hematometry was performed with Celltac oo MEK-6450 (Nihon Kohden, Co.).

Histological analyses and immunostaining. The liver section was prepared as previously
described”. H&E staining, Berlin blue staining, and NSE staining were respectively performed with
BZ-8000 microscope (Keyence) as previously described”. Immunostaining was performed with Leica
TCS SP2 AOBS confocal laser microscope (Leica Microsystems) as previously described!®*?* by
using the following antibodies: rabbit anti-human CD8 monoclonal antibody (Lab Vision) and mouse
anti-human CD68 monoclonal antibody (BD Biosciences). Nuclei were stained with Hoechst33342 (Life
Technologies).

PCR, RT-PCR, and real-time PCR. DNA and RNA were respectively extracted by using DNeasy
kit (Qiagen) and RNeasy kit (Qiagen) according to the manufacture’s protocol. To detect SRV-4 DNA
(env region) and ACTB/Actb (human and murine 3-actin genes), PCR was performed by using ExTaq
DNA polymerase (Takara) and the primers listed in Table S1. Reverse transcription was performed by
using SuperScript III reverse transcriptase (Life Technologies) according to the manufacture’s protocol.
RT-PCR was performed by using PrimeSTAR GXL DNA polymerase (Takara) and the primers described
above. Real-time PCR was performed by using Power SYBR green PCR master mix (Applied Biosystems)
and the primers listed in Table S1 as previously described®.

Plasmid construction. pSRV41{LacZ (a LacZ-expressing reporter plasmid with a SRV-4 packaging
signal) and pSRV4luc (a luciferase-expressing reporter plasmid with a SRV-4 packaging signal) were
respectively constructed by replacing the nucleotides from 801th to 7594th of pSR415 (the transcription
initiation site was defined as position +1) with SV40 promoter-nisLacZ and SV40 promoter-luciferase
using In-Fusion HD Cloning kit (Clontech)8.

Virus isolation from infected mice. To isolate the SRV-4 replicating in humanized mice, 5 x 10°
of human MNCs isolated from the BM and the spleen of 2 SRV-4-infected mice (no. 2 and 3) were
cocultured with 5 x 10° of 293T cells. The cocultured 293T cells were maintained for 7 days, and the
cells stored at -80°C for DNA extraction, PCR, and sequencing analyses. For sequencing analysis, two
portions of SRV-4 provirus (5 portion, 1-2036; 3’ portion, 1811-8126) were amplified by PCR using
the primers listed in Table S1. Sequencing was performed by using the primers listed in Table S1. The
culture supernatant at day 7 was centrifuged, filtrated with 0.45-pm-pore-size filter (Millipore), and
further inoculated into fresh 293T cells. The inoculated 293T cells were maintained by passaging by 3
days for 2-3 weeks. To determine the persistent infection of the isolated SRV-4 from inoculated mice
(no. 2 and 3) in the 293T cells, SRV-4 LacZ marker rescue assay was performed as previously described®.
Briefly, pSRV41pLacZ was transfected into the 293T cells by using Lipofectamine 2000 (Life technologies)
according to the manufacture’s protocol. At 48 hours posttransfection, the culture supernatant was har-
vested, filtrated with 0.45-pm-pore-size filter (Millipore), and further inoculated into fresh 293T cells.
Then, LacZ staining was performed at 48 hour postinoculation (see also Fig. 4b). The SRV-4 isolated from
the BM of the humanized mouse no. 2 (SRV-4*) was used for the experiment 3 (see above).

Cytokine quantification. The amounts of human cytokines including interferon (IFN)-~, tumor
necrosis factor (TNF)-o, interleukin (IL)-6, IL-2, IL-4, and IL-10 in plasma were quantified by using
BD Cytometric Bead Array (CBA) Human Th1/Th2 Cytokine Kit II (BD Biosciences) according to the
manufacture’s protocol®.

Transfection, reporter assay, and Western blotting. To evaluate the anti-SRV-4 effect of human
APOBECS3, pSR415 (1pg) and pSRV4yluc (1pg) were cotransfected with pCMV-flag-APOBEC3F or
pCMV-flag-APOBEC3G and their CI mutants (APOBEC3F E251Q and APOBEC3G E259Q%*° into
293T cells by using Lipofectamine 2000 (Life Technologies) as previously described*~°. At 48 hours post-
transfection, the culture supernatant was harvested, filtrated with 0.45-um-pore-size filter (Millipore), and
further inoculated into fresh 293T cells. At 48 hours postinoculation, the luciferase activity was measured
as previously described*? and determined as viral infectivity. The expression levels of APOBEC3 and viral
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proteins were measured by Western blotting as previously described*?%*2, Briefly, mouse anti-flag mon-
oclonal antibody (M2; Sigma), mouse anti-a-tubulin (TUBA) monoclonal antibody (DM1A; Sigma),
rabbit anti-SRV-4 CA polyclonal antibody?®, rabbit anti-SRV-4 TM polyclonal antibody® were used. To
quantify the amount of released virion and APOBEC3 proteins in virion, the virus solution was ultra-
centrifuged and used for Western blotting as previously described****%. The level of APOBEC3 proteins
in virion was quantified by using Image] software (http://rsbweb.nih.gov/ij/) as previously described?'.

Statistical analyses. Data were expressed as averages with standard errors of the means (SEMs) or
standard deviations (SDs). Statistical differences were determined by Student’s ¢ test.

References
1. Daniel, M. D. et al. A new type D retrovirus isolated from macaques with an immunodeficiency syndrome. Science 223, 602-605
(1984).
2. Marx, P. A. et al. Simian AIDS: isolation of a type D retrovirus and transmission of the disease. Science 223, 1083-1086 (1984).
3. Montiel, N. A. An updated review of simian betaretrovirus (SRV) in macaque hosts. J. Med. Primatol. 39, 303-314 (2010).
4. Henrickson, R. V. et al. Clinical features of simian acquired immunodeficiency syndrome (SAIDS) in rhesus monkeys. Lab. Anim.
Sci. 34, 140-145 (1984).
5. Committee on Disease Control, Primate Research Institute & University, K. Information of Hemorrhagic Syndrome of Japanese
Macaques (Provisional Designation). Primate Research 26, 69-71 doi: 10.2354/ps;j.2326.2369 (2010).
6. Yoshikawa, R. et al. Simian retrovirus 4 induces lethal acute thrombocytopenia in Japanese macaques. J. Virol. 89, 3965-3975
(2015).
7. Okamoto, M. et al. Emergence of infectious malignant thrombocytopenia in Japanese macaques (Macaca fuscata) by SRV-4 after
transmission to a novel host. Sci. Rep. 6, 8850 (2015).
8. Togami, H. et al. Comprehensive in vitro susceptibility analysis of simian retrovirus type 4 to antiretroviral agents. J. Virol. 87,
4322-4329 (2013).
9. Zao, C. L. et al. Virological and serological characterization of SRV-4 infection in cynomolgus macaques. Arch. Virol. 156,
2053-2056 (2011).
10. Lerche, N. W. et al. Evidence of infection with simian type D retrovirus in persons occupationally exposed to nonhuman
primates. J. Virol. 75, 1783-1789 (2001).
11. Wang, Y. et al. Detection of mammary tumor virus env gene-like sequences in human breast cancer. Cancer Res. 55, 5173-5179
(1995).
12. Liu, B. et al. Identification of a proviral structure in human breast cancer. Cancer Res. 61, 17541759 (2001).
13. Zammarchi, E et al. MMTV-like sequences in human breast cancer: a fluorescent PCR/laser microdissection approach. J. Pathol.
209, 436-444 (2006).
14. Wang, Y. et al. Expression of mouse mammary tumor virus-like env gene sequences in human breast cancer. Clin. Cancer Res.
4, 2565-2568 (1998).
15. Pogo, B. G. & Holland, J. E Possibilities of a viral etiology for human breast cancer. A review. Biol. Trace Elem. Res. 56, 131-142
(1997).
16. Szabo, S., Haislip, A. M. & Garry, R. F. Of mice, cats, and men: is human breast cancer a zoonosis? Microsc. Res. Tech. 68, 197-208
(2005).
17. Mant, C,, Gillett, C., D’Arrigo, C. & Cason, ]. Human murine mammary tumour virus-like agents are genetically distinct from
endogenous retroviruses and are not detectable in breast cancer cell lines or biopsies. Virology 318, 393-404 (2004).
18. Stratton, M. R. et al. Characterization of the human cell line TE671. Carcinogenesis 10, 899-905 (1989).
19. Nie, C. et al. Selective infection of CD4" effector memory T lymphocytes leads to preferential depletion of memory T lymphocytes
in R5 HIV-1-infected humanized NOD/SCID/IL-2R~™! mice. Virology 394, 64-72 (2009).
20. Sato, K. et al. Remarkable lethal G-to-A mutations in vif-proficient HIV-1 provirus by individual APOBEC3 proteins in
humanized mice. J. Virol. 84, 9546-9556 (2010).
21. Sato, K. et al. Vpu augments the initial burst phase of HIV-1 propagation and downregulates BST2 and CD4 in humanized mice.
J. Virol. 86, 5000-5013 (2012).
22. Sato, K. et al. HIV-1 Vpr accelerates viral replication during acute infection by exploitation of proliferating CD4" T cells in vivo.
PLoS Pathog. 9, 1003812 (2013).
23. Sato, K. et al. A novel animal model of Epstein-Barr virus-associated hemophagocytic lymphohistiocytosis in humanized mice.
Blood 117, 5663-5673 (2011).
24. Sato, K. et al. Dynamics of memory and naive CD8' T lymphocytes in humanized NOD/SCID/IL-2Ry™" mice infected with
CCR5-tropic HIV-1. Vaccine 28, B32-37 (2010).
25. Sato, K. et al. APOBEC3D and APOBEC3F potently promote HIV-1 diversification and evolution in humanized mouse model.
PLoS Pathog. 10, €1004453 (2014).
26. Sato, K. & Koyanagi, Y. The mouse is out of the bag: insights and perspectives on HIV-1-infected humanized mouse models. Exp.
Biol. Med. 236, 977-985 (2011).
27. Rouphael, N. G. et al. Infections associated with haemophagocytic syndrome. Lancet Infect. Dis. 7, 814-822 (2007).
28. Refsland, E. W. & Harris, R. S. The APOBEC3 family of retroelement restriction factors. Curr. Top. Microbiol. Immunol. 371,
1-27 (2013).
29. Okeoma, C. M., Lovsin, N, Peterlin, B. M. & Ross, S. R. APOBECS3 inhibits mouse mammary tumour virus replication in vivo.
Nature 445, 927-930 (2007).
30. Kobayashi, T. et al. Quantification of deaminase activity-dependent and -independent restriction of HIV-1 replication mediated
by APOBEC3F and APOBEC3G through experimental-mathematical investigation. J. Virol. 88, 5881-5887 (2014).
31. Russell, R. A. et al. Distinct domains within APOBEC3G and APOBEC3F interact with separate regions of human
immunodeficiency virus type 1 Vif. J. Virol. 83, 1992-2003 (2009).
32. Worobey, M. et al. Direct evidence of extensive diversity of HIV-1 in Kinshasa by 1960. Nature 455, 661-664 (2008).
33. Keele, B. E et al. Chimpanzee reservoirs of pandemic and nonpandemic HIV-1. Science 313, 523-526 (2006).
34. Imai, M. et al. Experimental adaptation of an influenza H5 HA confers respiratory droplet transmission to a reassortant H5 HA/
HINI1 virus in ferrets. Nature 486, 420-428 (2012).
35. Herfst, S. et al. Airborne transmission of influenza A/H5N1 virus between ferrets. Science 336, 1534-1541 (2012).
36. Weaver, L. K. & Behrens, E. M. Hyperinflammation, rather than hemophagocytosis, is the common link between macrophage
activation syndrome and hemophagocytic lymphohistiocytosis. Curr. Opin. Rheumatol. 26, 562-569 (2014).
37. Gofl, S. Retroviridae. Fields Virology (eds Knipe D. M., Howley P. M.), 6th edn (Lippincott Williams & Wilkins, 2013).

SCIENTIFIC REPORTS | 5:14040 | DOI: 10.1038/srep14040 11


http://rsbweb.nih.gov/ij/

www.nature.com/scientificreports/

38. Ito, M. et al. NOD/SCID/~ ™! mouse: an excellent recipient mouse model for engraftment of human cells. Blood 100, 3175-3182
(2002).

39. An, D. S. et al. Use of a novel chimeric mouse model with a functionally active human immune system to study human
immunodeficiency virus type 1 infection. Clin. Vaccine Immunol. 14, 391-396 (2007).

40. Cosset, E. L. et al. High-titer packaging cells producing recombinant retroviruses resistant to human serum. J. Virol. 69,
7430-7436 (1995).

41. Kobayashi, T. et al. Identification of amino acids in the human tetherin transmembrane domain responsible for HIV-1 Vpu
interaction and susceptibility. J. Virol. 85, 932-945 (2011).

42. Sato, K. et al. Modulation of human immunodeficiency virus type 1 infectivity through incorporation of tetraspanin proteins. J.
Virol. 82, 1021-1033 (2008).

43. Sato, K. et al. Comparative study on the effect of human BST-2/Tetherin on HIV-1 release in cells of various species. Retrovirology
6, 53 (2009).

Acknowledgments

We thank Peter Gee (Laboratory of Viral Pathogenesis, Institute for Virus Research, Kyoto University,
Japan) for proofreading the manuscript, and Hiroko Hitotsumachi (Tokushima Research Center, Taiho
Pharmaceutical Co., Ltd., Japan), Junko Tanabe (Laboratory of Virus Control, Institute for Virus
Research, Kyoto University, Japan), and Yuichi Kimura (Laboratory of Viral Pathogenesis, Institute for
Virus Research, Kyoto University, Japan) for their generous help in our study. We also thank Dr. Dong
Sung An (School of Nursing and AIDS Institute, University of California, Los Angeles, Los Angeles,
California, USA) and UCLA CFAR Gene and Cellular Core laboratory (grant 5P30AI1028697) for
providing human HSCs. We are grateful to Dr. Yasuhiro Takeuchi (University College London, London,
UK) for providing TE671 and TELCeB6 cells. We appreciate Kotubu Misawa’s dedicated support. This
study was supported in-part by the following grants: a Grant-in-Aid for Young Scientists B23790500
from the Japan Society for the Promotion of Science (JSPS) (to K.S.); the Aihara Innovative Mathematical
Modelling Project, JSPS through the “Funding Program for World-Leading Innovative R&D on Science
and Technology (FIRST Program)’, initiated by the Council for Science and Technology Policy (to K.S.);
Health Labour Sciences Research Grants 26361601 (to K.S.) and 201318044A (to T.Miura) from the
Ministry of Health, Labor and Welfare of Japan (MHLW); CREST, Japan Science and Technology Agency
(to K.S.); the Uehara Memorial Foundation (to K.S.); Shimizu Foundation for Immunological Research
(to K.S.); Takeda Science Foundation (to K.S.); Sumitomo Foundation Research Grant (to K.S.); Senshin
Medical Research Foundation (to K.S.); Ichiro Kanehara Foundation; Kanae Memorial Foundation (to
K.S.); Suzuken Memorial Foundation (to K.S.); Research Fellowships for Young Scientists DC2 and PD
12J05135 (to R.Y.); Grants-in-Aid for Scientific Research B24300153 (to M.O.) and B24390112 from JSPS
(to Y.K.); the Kurata Memorial Hitachi Science and Technology Foundation (to T.Miyazawa); a Grant-
in-Aid for Scientific Research on Innovative Areas 24115008 from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (to Y.K.); and Research on HIV/AIDS from MHLW (to Y.K.).
This work was also supported by JSPS Core-to-Core Program, A. Advanced Research Networks (to Y.K.).

Author Contributions

K.S., T.Miyazawa and Y.K. wrote the main manuscript text; TK., R.Y. and J.S.T. performed virological
experiments and prepared Figs lab, 2a, 4a—e, and 5; N.M. performed longitudinal analyses using
humanized mouse model and prepared Fig. 1c-t, 2b—j and 4f-n; K.S. performed histological experiments
and prepared Fig. 1u-w; J-i.Y. and M.M. performed hematological analyses and prepared Fig. 2k and
Table 2; N.M. and M.I. contributed to the preparation and maintenance of humanized mouse model;
R.Y,, T.Miura, M.O., M.I., T.Miyazawa contributed to the preparation of experimental system for SRV-4;
K.S. and Y.K. conceived and designed the experiments. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sato, K. et al. Experimental evaluation of the zoonotic infection potency of
simian retrovirus type 4 using humanized mouse model. Sci. Rep. 5, 14040; doi: 10.1038/srep14040
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14040 | DOI: 10.1038/srep14040 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Experimental evaluation of the zoonotic infection potency of simian retrovirus type 4 using humanized mouse model

	Results

	SRV-4 inoculation into humanized mouse model. 
	Normocytic anemia and hemophagocytosis in SRV-4-infected humanized mice. 
	The effect of SRV-4 infection on cytokine production. 
	No adaptation of SRV-4 into humanized mice. 
	Effect of human APOBEC3 proteins against SRV-4 replication. 

	Discussion

	Methods

	Ethics statement. 
	Humanized mice. 
	Cell culture. 
	Virus preparation, titration, and infection. (i) Experiment 1. 
	PB collection, isolation of mononuclear cells from organs, flow cytometry, and hematometry. 
	Histological analyses and immunostaining. 
	PCR, RT-PCR, and real-time PCR. 
	Plasmid construction. 
	Virus isolation from infected mice. 
	Cytokine quantification. 
	Transfection, reporter assay, and Western blotting. 
	Statistical analyses. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Dynamics of SRV-4 infection in humanized mouse model (experiment 1).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Dynamics of SRV-4 infection in humanized mouse model (experiment 2).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The levels of human cytokines in plasma of SRV-4-infected humanized mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dynamics of SRV-4* infection in humanized mouse model (experiment 3).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Anti-SRV-4 ability of human APOBEC3 proteins.
	﻿Table 1﻿﻿. ﻿  Humanized mice used in this study.
	﻿Table 2﻿﻿. ﻿  Summary of the observations in the experiment 2.



 
    
       
          application/pdf
          
             
                Experimental evaluation of the zoonotic infection potency of simian retrovirus type 4 using humanized mouse model
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14040
            
         
          
             
                Kei Sato
                Tomoko Kobayashi
                Naoko Misawa
                Rokusuke Yoshikawa
                Junko S. Takeuchi
                Tomoyuki Miura
                Munehiro Okamoto
                Jun-ichirou Yasunaga
                Masao Matsuoka
                Mamoru Ito
                Takayuki Miyazawa
                Yoshio Koyanagi
            
         
          doi:10.1038/srep14040
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14040
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14040
            
         
      
       
          
          
          
             
                doi:10.1038/srep14040
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14040
            
         
          
          
      
       
       
          True
      
   




