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ABSTRACT Iminosugar compounds are monosaccharide mimetics with broad but
generally weak antiviral activities related to inhibition of enzymes involved in glyco-
biology. Miglustat (N-butyl-1-deoxynojirimycin), which is approved for the treatment
of lipid storage diseases in humans, and UV-4 [N-(9-methoxynonyl)-1-deoxynojirimy-
cin] inhibit the replication of hepatitis A virus (HAV) in cell culture (50% inhibitory
concentrations [ICss] of 32.13 uM and 8.05 uM, respectively) by blocking the synthe-
sis of gangliosides essential for HAV cell entry. We used a murine model of hepatitis
A and targeted mass spectrometry to assess the capacity of these compounds to
deplete hepatic gangliosides and modify the course of HAV infection in vivo. Miglustat,
given by gavage to Ifnar1~/~ mice (4,800 mg/kg of body weight/day) depleted hepatic
gangliosides by 69 to 75% but caused substantial gastrointestinal toxicity and failed to
prevent viral infection. UV-4, similarly administered in high doses (400 mg/kg/day), was
well tolerated but depleted hepatic gangliosides by only 20% after 14 days. UV-4 deple-
tion of gangliosides varied by class. Several GM2 species were paradoxically increased,
likely due to inhibition of B-glucosidases that degrade gangliosides. Both compounds
enhanced, rather than reduced, virus replication. Nonetheless, both iminosugars had sur-
prising anti-inflammatory effects, blocking the accumulation of inflammatory cells within
the liver. UV-4 treatment also resulted in a decrease in serum alanine aminotransferase
(ALT) elevations associated with acute hepatitis A. These anti-inflammatory effects may
result from iminosugar inhibition of cellular a-glucosidases, leading to impaired matura-
tion of glycan moieties of chemokine and cytokine receptors, and point to the potential
importance of paracrine signaling in the pathogenesis of acute hepatitis A.

IMPORTANCE Hepatitis A virus (HAV) is a common cause of viral hepatitis. Iminosugar
compounds block its replication in cultured cells by inhibiting the synthesis of gan-
gliosides required for HAV cell entry but have not been tested for their ability to pre-
vent or treat hepatitis A in vivo. We show that high doses of the iminosugars miglu-
stat and UV-4 fail to deplete gangliosides sufficiently to block HAV infection in mice
lacking a key interferon receptor. These compounds nonetheless have striking anti-
inflammatory effects on the HAV-infected liver, reducing the severity of hepatitis
despite enhancing chemokine and cytokine expression resulting from hepatocyte-
intrinsic antiviral responses. We propose that iminosugar inhibition of cellular a-glu-
cosidases impairs the maturation of glycan moieties of chemokine and cytokine
receptors required for effective signaling. These data highlight the potential impor-
tance of paracrine signaling pathways in the inflammatory response to HAV and add
to our understanding of HAV pathogenesis in mice.
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epatitis A virus (HAV) remains a threat to human health in many regions of the

world despite the availability of highly effective, inactivated vaccines developed
decades ago. The virus circulates freely in sub-Saharan Africa, where most children are
infected before the age of 5 years (1). Large outbreaks of hepatitis A also continue to
occur in well-developed countries. In recent years, these outbreaks have included a
multinational epidemic in western Europe involving over 1,400 individuals, mostly
men who have sex with men (2), and community outbreaks of hepatitis A associated
with homelessness and injection drug use in the United States (3). While causing sub-
stantial morbidity, most HAV infections are self-limited. Acute liver failure is unusual in
the setting of HAV infection, typically occurring in ~0.5% of infected persons.
However, the risk of fatal, fulminant hepatitis increases significantly with advancing
age or underlying chronic liver disease (4). An outbreak in San Diego, CA, from 2017 to
2018 involved over 590 confirmed cases and resulted in 20 deaths, a surprisingly high
mortality rate (3.4%) (5).

There are no approved antiviral therapies for acute HAV infection, and only limited
efforts have been made to identify antivirals that target the virus (6). This reflects both
the absence of persistent HAV infections and the ability of vaccines and passively trans-
ferred immunoglobulins to protect against acute hepatitis A. Moreover, given that the
liver injury in acute hepatitis A appears to be immune mediated (7), it is not clear that
effective antiviral suppression would shorten the course of the disease or lessen the
mortality of fulminant hepatitis A. Although HAV is classified within the Picornaviridae
family (genus Hepatovirus), it differs substantially from the enteroviruses for which
effective antivirals have long been sought. The structure of the HAV capsid lacks the
hydrophobic pocket into which compounds with potent antienterovirus activity bind
(8), rendering the virus relatively resistant to compounds such as pleconaril (9).
Similarly, both enviroxime and rupintrivir, antivirals that target nonstructural proteins
of enteroviruses, have little if any activity against HAV in cell culture (9). A peptidyl
monofluoromethyl ketone inhibitor of 3CP™, the only protease expressed by hepatovi-
ruses, has been identified and shown to have low-micromolar activity against HAV in
cell culture (10), but it was never further developed. Sofosbuvir has been suggested
recently to be active against the HAV polymerase (11). However, it has antiviral activity
in cell culture only at concentrations far above that required to inhibit the replication
of hepaciviruses and even then only in some cell lines.

HAV is an unusual hepatotropic picornavirus that circulates in the blood in a mem-
brane-cloaked quasienveloped form and is shed in feces as naked, nonenveloped viri-
ons (12). We recently identified 39 candidate host factors for HAV using a genome-
wide CRISPR-based screening strategy (13). Among these factors were multiple
enzymes and transporters required for the synthesis of gangliosides, complex glyco-
sphingolipids with head groups containing one or more sialic acid moieties. The lead
hit in two independent screens was UGCG, which encodes glucosylceramide synthase
(GCS), an enzyme catalyzing the first step in ganglioside synthesis (13). Subsequent
studies demonstrated that a crucial late step in the cellular entry of both quasienvel-
oped and naked HAV virions is mediated by endosomal gangliosides, particularly the
disialoganglioside GD1a (13). Accordingly, Huh-7.5 human hepatoma cells became
nearly completely nonpermissive for HAV infection when treated with an iminosugar
inhibitor of GCS, miglustat (N-butyl-1-deoxynojirimycin). In cultured Huh-7.5 cells
treated with concentrations of miglustat far below that causing cellular toxicity, hepa-
tovirus virions taken up by endocytosis became stalled during entry in endolysosomes
and failed to uncoat (13).

Iminosugar compounds such as miglustat are monosaccharide mimetics that inhibit
a wide range of enzymes involved in glycobiology (14). Marketed as Zavesca, miglustat
is approved for the treatment of Gaucher disease and Niemann-Pick type C disease,
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FIG 1 Antiviral activity of miglustat (N-butyl-1-deoxynojirimycin) and UV-4 [N-(9-methoxynonyl)-1-
deoxynojirimycin] against HM175/18f-NLuc virus in Huh-7.5 cells. (A) Organization of the reporter
virus genome showing the insertion of the nanoluciferase (NLuc) sequence between VP1pX and 2B,
where it is flanked by 3CP™ cleavage sites. IRES, internal ribosome entry site; RdRp, RNA-dependent
RNA polymerase. (B) Percent inhibition of NLuc activity expressed by HM175/18f-NLuc virus in cells
treated with increasing concentrations of iminosugar compounds. Cells were treated for 72 h prior to
infection with naked, nonenveloped virus and harvested for NLuc assays at 12 h p.i. Data shown are
means * standard deviations (SD) from 3 technical replicates fit to a variable-slope (four-parameter)
nonlinear regression model. The estimated IC;,s were 32.13 uM (95% confidence interval, 27.75 to
37.21 uM) for miglustat and 8.045 uM (95% confidence interval, 6.410 to 10.10 uM) for UV-4.

both autosomal recessive lipid storage diseases. Iminosugars impede the replication of
a broad spectrum of enveloped viruses, including influenza virus, flaviviruses, and filo-
viruses, by inhibiting host a-glucosidases required for oligosaccharide trimming of
immature N-linked glycans within the endoplasmic reticulum (ER) (15-18). In contrast,
the inhibition of HAV replication by miglustat in cultured cells results from its capacity
to inhibit GCS and thus deplete gangliosides (13). Whether this in vitro antiviral effect
would be replicated in vivo is uncertain. In addition to blocking ganglioside synthesis
by inhibiting GCS, iminosugars may interfere with the degradation of gangliosides by
inhibiting B-glucosidases that mediate the degradation of gangliosides (19, 20).
Importantly, the 50% inhibitory concentration (IC;,) of miglustat for nonlysosomal glu-
cosylceramidase (GBA2) has been reported to be considerably lower than that for GCS
(0.15 uM versus 20.5 to 22.9 uM), suggesting that miglustat may have the potential to
enhance ganglioside abundances at lower doses (21, 22).

Here, we describe experiments aimed at determining whether miglustat or a more
potent, chemically related iminosugar inhibitor of GCS, N-(9-methoxynonyl)-1-deoxy-
nojirimycin (UV-4), can alter the course of acute HAV infection in a murine model of
acute hepatitis A. We show that high doses of these compounds fail to inhibit HAV rep-
lication in vivo but nonetheless mitigate hepatic inflammation associated with infec-
tion, thus providing insight into pathogenesis in this murine model of hepatitis A.

RESULTS

Antihepatovirus activities of iminosugar compounds in cell culture. We assessed
the in vitro antiviral activities of miglustat and UV-4 in Huh-7.5 human hepatoma cells
using a nanoluciferase (NLuc)-expressing reporter virus derived from the HM175 strain
of human HAV, 18f-NLuc (23) (Fig. 1A). Cells were pretreated for 72 h with a range of
drug concentrations prior to infection with naked, nonenveloped virus and harvested
at 12 h postinfection (p.i.) for nanoluciferase assays. Previous studies suggest that the
ICso of miglustat for HAV under these conditions is about 44 uM and that the abun-
dance of individual ganglioside classes is reduced by 72 to 97% in cells treated with
200 uM miglustat (13). These experiments defined a somewhat lower 1C,, for miglustat,
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32.13 uM (Fig. 1B). UV-4 provided significantly more potent suppression of HAV infec-
tion, with an 1Cs, of 8.05 uM.

HAV infection in Ifnar1~/— mice pretreated with miglustat. We used Ifnar1—/~
mice lacking the expression of the type | interferon (IFN) receptor to assess the poten-
tial of miglustat to prevent HAV infection in vivo. As with any animal model of infec-
tious disease, there may be important differences from infections in human. However,
Ifnar1~/~ mice are highly permissive for infection with wild-type HAV and develop an
acute inflammatory disease of the liver similar to that in human hepatitis A, marked by
hepatocellular apoptosis, mixed mononuclear intrahepatic cell infiltrates, and elevated
serum levels of liver enzymes (alanine aminotransferase [ALT]) (24, 25). In an effort to
deplete gangliosides required for cell entry of HAV, 9-week-old female Ifnar1~/~ mice
(n=4) were treated with miglustat, given by gavage as a single daily 100-mg dose
(~4,800 mg/kg of body weight/day), beginning 4 days prior to virus challenge (Fig.
2A). A matching group of sham-treated mice (n =4) received an equal volume of water
by gavage. Previous studies suggest that mice receiving this dose of miglustat should
achieve serum miglustat concentrations in excess of 20 uM, sufficient to inhibit GCS
(22), and that bone marrow gangliosides should be reduced by about 70% after 6 days
of treatment (26). On the day of virus challenge (day 0) (Fig. 2A), 3 mice in each group
were inoculated intravenously (i.v.) with 2 x 10° genome equivalents (GE) of 6th-
mouse-passage HM175 virus (“mp6” inoculum) (Fig. 2A). Beginning 4 to 5days after
the initiation of treatment (days 0 to 1 postinfection), some animals receiving miglustat
developed diarrhea and displayed ruffled fur and evidence of dehydration. This was
mitigated by subcutaneous fluid replacement and switching to a regimen of 50 mg
miglustat twice daily (Fig. 2A). However, increasing gastrointestinal toxicity necessi-
tated early necropsy and led to the premature death of one infected animal on day 4
postinfection.

Despite the early termination of this experiment, some conclusions could be drawn
concerning the impact of miglustat on the course of infection. No reductions were
observed in fecal shedding of virus at days 4 and 5 p.i. or in the abundance of HAV
RNA in the liver at necropsy (Fig. 2B and C). On the contrary, there was a trend toward
increased replication and shedding of virus in the treated animals, although neither
achieved statistical significance due to the small number of animals. Despite this, se-
rum ALT levels were lower in the miglustat-treated mice (Fig. 2D). Histological exami-
nation of liver tissues from two treated animals showed a surprising absence of inflam-
matory cell infiltrates (Fig. 2E and F), given that both samples contained more HAV
RNA than livers from untreated animals with prominent hepatitis (Fig. 2Q).
Immunohistochemical staining for cleaved caspase 3 also suggested a reduced fre-
quency of hepatocellular apoptosis in the HAV-infected animals treated with miglustat
(Fig. 2G and H). There was marked splenic atrophy with a prominent loss of white pulp
in miglustat-treated mice (Fig. 2I).

Miglustat depletion of hepatic gangliosides. To determine the extent to which
the ganglioside abundance was reduced by miglustat, we quantified 56 individual gan-
glioside species in liver tissue collected at necropsy from both treated and untreated
animals using targeted mass spectrometry. Interestingly, the proportional abundances
of different ganglioside classes differed remarkably from what we determined previ-
ously in Huh-7.5 human hepatoma cells (13) (Fig. 3A and B; see also Table S1 in the
supplemental material). Whereas GM3 was dominant in the livers of uninfected mice,
comprising >80% of gangliosides, we previously found that GM2 was dominant in
hepatoma cells, in which it comprised over 70% of gangliosides. GD1a species, which
appear most active in mediating HAV cell entry (13), comprised up to 10% of ganglio-
sides in mouse liver but only ~0.6% of gangliosides in Huh-7.5 cells (Fig. 3B).
Gangliosides were quantified by different mass spectrometry methods in these two
studies (labeled versus label free). This could lead to some variation in the reported
percentages of each ganglioside, but methodological differences are unlikely to result
in such large differences. Based on summed ion intensities, miglustat treatment
reduced the total ganglioside content in liver tissue by about 70% in both infected and
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FIG 2 HAV infection in miglustat-treated Ifnar1~/~ mice. (A) Experimental scheme showing two groups of 3 mice receiving miglustat (100 mg per day) or
an equal volume of the water control by gavage for 4 days prior to i.v. challenge with mouse-passage 6 (mp6) HAV. Due to diarrhea in the treated animals,
the miglustat dosage was modified as shown beginning on the day of infection. Miglustat-treated animals 8 and 7 were found moribund on days 4 and 5
p.i., respectively. (B) HAV RNA quantified by RT-PCR in feces from mice at days 4 and 5 p.i. (fecal samples were not available from mice 7 and 8 on day 5).
(C) HAV RNA quantified by RT-PCR in liver tissues at necropsy on day 5 (day 4 for mouse 8). (D) Serum ALT activities at necropsy on day 5 (day 4 for
mouse 8; no serum available from mouse 7). The dashed horizontal line represents the upper limit of normal. (E) Liver sections from HAV-infected animal 3
(no drug group), showing numerous apoptotic hepatocytes and diffuse parenchymal inflammatory cell infiltrates (top), and animal 6 (miglustat group),

(Continued on next page)
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uninfected animals (Fig. 3C). With the possible exception of GD3, which was present
only in very low abundance, miglustat-mediated reductions were similar for each gan-
glioside class, including GD1a. Thus, only minor changes in the relative amounts of dif-
ferent ganglioside classes accompanied miglustat treatment (Fig. 3D). Each of the 56
gangliosides measured in the assay was reduced by at least 50% in the treated, HAV-
infected animals (Fig. 3E). However, this level of ganglioside depletion was insufficient
to inhibit HAV infection (Fig. 2).

Miglustat treatment of established HAV infection in Ifnar1~/— mice. To better
understand the reduced hepatic inflammation observed with miglustat in the above-
described experiment, we administered miglustat, or a sham water control, to groups
of male (n=4) or female (n=5) mice beginning 5 days after intravenous inoculation of
HAV (Fig. 4A). This is near the peak of infection, when ALT levels are maximal with this
inoculum. As described above, miglustat was given by gavage at a total dose of
~4,500 mg/kg/day. Animals were necropsied approximately 84 h (3.5 days) after the
initiation of therapy. Consistent with previous observations of greater liver injury in
HAV-infected male than in female Ifnar1=/~ mice (. Misumi, S. M. Lemon, and J. K.
Whitmire, unpublished data), serum ALT levels were significantly higher in male than
in female mice at the start of treatment (Fig. 4B). ALT levels fell subsequently in both
treated and untreated mice, without any apparent miglustat effect, resulting in ALT
levels in male mice being only slightly higher than and no longer significantly different
from those in female mice at necropsy (Fig. 4B). Miglustat treatment resulted in signifi-
cant increases in intrahepatic viral RNA abundances in both males and females (Fig.
4C). HAV RNA levels were generally higher in female than in male livers, but this differ-
ence achieved statistical significance only in treated animals (Fig. 4C). Histological ex-
amination of liver sections, with scoring for apoptotic hepatocytes and inflammatory
cell infiltrates in a blind manner by an experienced veterinary hepatic pathologist,
revealed no difference in the frequencies of apoptotic hepatocytes despite a marked
decrease in the number of inflammatory foci in miglustat-treated mice (Fig. 4D).
Hepatocytes from 4 of 5 treated mice (but no control mice) demonstrated diffuse cyto-
plasmic microvesicular changes (Fig. 4E). Similar numbers of hepatocytes stained posi-
tively for cleaved caspase 3 in livers from miglustat- versus sham-treated animals, con-
firming that there was no reduction in apoptosis, but there was a striking absence of
inflammatory cells surrounding apoptotic hepatocytes in the treated animals (Fig. 4F
and Q). Collectively, these data confirm that treatment with high doses of miglustat
reduces hepatic inflammation while enhancing viral replication or reducing viral clear-
ance from the liver of Ifnar1~/~ mice.

As observed in animals treated prior to infection (Fig. 2J), miglustat treatment led
to a sharp reduction in splenic mass (Fig. 4H). Spleens of treated mice showed a mini-
mal to moderate loss of lymphocytes in the periarteriolar lymphoid sheath (Fig. 4l).
Disruption of the interface with the marginal zone was concurrent with a relative
expansion of the red pulp. In normal mice, the white pulp constituted approximately
50% of the area of the spleen. In more markedly affected spleens from treated animals,
this area was reduced to approximately one-third that in tissue from untreated animals
with overall shrinkage of the spleen. These changes were associated with a marked
increase in the number of cleaved caspase 3-positive cells (lymphocytes as well dendri-
tic cells or macrophages) within the red pulp (Fig. 4J).

Although the liver injury associated with HAV is incompletely understood, previous
studies suggest that hepatocellular apoptosis and hepatic inflammation result from
interferon regulatory factor 3 (IRF3)-mediated transcriptional responses in HAV-

FIG 2 Legend (Continued)

Journal of Virology

showing normal hepatic architecture, no apoptosis, and no inflammatory infiltrates (bottom). (F) Histopathology scores for hepatic inflammation from
reading of 10 randomly selected 40x microscopic fields in a blind manner. Liver from mouse 8 was a poor-quality sample and not included. (G)
Immunohistochemical staining for cleaved caspase 3 in liver sections from animals 3 and 6 (left to right). (H) Mean numbers of hepatocytes staining for
cleaved caspase 3 per 20x microscopic field in 10 randomly selected fields of view. (I) H&E-stained sections of spleens from animals 1, 3, 5, and 6 (left to

right).
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FIG 3 Hepatic ganglioside abundance in miglustat-treated mice. (A) Ganglioside synthetic pathways. Each
step in the pathway is catalyzed by a specific enzyme (39). GCS, glucosylceramide synthase, encoded by
the gene UGCG. (B) Class composition of gangliosides in untreated Ifnarl~"~ mouse livers (n=8) (left)
versus Huh-7.5 cells (n=3 technical replicates) (right). Huh-7.5 cell data are from a study by Das et al. (13).
(O) lon intensities of different ganglioside classes in liver tissues from miglustat-treated and untreated naive
mice (n=1 each) (left) and HAV-infected mice (n=2 and 3, respectively) (right) in the experiment shown in
Fig. 2. Based on summed intensities, miglustat reduced the overall ganglioside abundance in HAV-infected
livers by 74.9%. GM3 ganglioside was reduced by 73.7%, GM2 was reduced by 82.7%, GM1 was reduced
by 78.8%, and GD1a was reduced by 78.3% compared to untreated mice. GD3 comprised less than 0.01%
of gangliosides in both treated and untreated animals. (D) Class composition of gangliosides in livers from
untreated and miglustat-treated mice. Data shown are the mean percentages that each ganglioside class
represented of all gangliosides, = SD, based on summed intensities. Each symbol represents the liver from
an individual animal. (E) Volcano plot showing differences (fold changes) in the abundances of 56
individual ganglioside species in a repeat analysis of the liver tissues from treated versus untreated HAV-
infected mice (see Table S1 in the supplemental material). Probability was determined by an unpaired t
test with Siddk-Holm correction for multiple comparisons. Solid symbols indicate a false discovery rate
(FDR) of <0.01%; the horizontal line indicates a P value of 0.05.

infected Ifnar1=/~ mice (24). Unlike Ifnar1='~ mice, Mavs—'~ mice, which fail to tran-
scriptionally activate IRF3, and Irf3~/~ Irf7~/~ mice, which lack IRF3 expression, do not
develop inflammatory changes in the liver when infected with HAV despite being
equally if not more permissive to infection (24). Antibody depletion of CD8* or CD4* T
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FIG 4 Miglustat treatment of Ifnar1~/~ mice with established HAV infection. (A) Experimental design. Groups of female (F) (n=5 per group) or male (M)
(n=4) mice, infected 5days previously with mouse-passaged mp6-HM175 virus, were treated with miglustat (50 mg twice daily by gavage) or the sham
water control for 3.5days prior to necropsy. g.d, once a day. (B) Serum ALT on day 5 and at necropsy on day 8. Symbols representing results from mice
treated with miglustat are shaded. (C) Intrahepatic HAV RNA at necropsy on day 8. (D) Mean numbers of apoptotic hepatocytes (left) and inflammatory foci
(right) per 40x field of view in H&E-stained liver sections. (E) Liver of a miglustat-treated animal showing hepatocytes with multiple small vesicles in the
cytoplasm (arrows). (F) Mean number of liver cells staining for cleaved caspase 3 per 20x field of view. (G) Apoptotic hepatocytes staining positively for
cleaved caspase 3 in sham (left)- and miglustat (right)-treated mice. (H) Spleen weight at necropsy on day 8. (I) Representative images of H&E-stained
splenic sections. (J) Representative images of splenic sections stained immunohistochemically for cleaved caspase 3. (K) Infection-induced changes in

(Continued on next page)
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cells or NK/NK-T cells or elimination of macrophages by treatment with clodronate lip-
osomes prior to infection also has no impact on the development of hepatitis in
Ifnar1=/~ mice (24). Despite the reductions in inflammation in miglustat-treated ani-
mals, HAV-induced increases in intrahepatic Isg15, Ccl5 (RANTES), Ccl2 (monocyte che-
moattractant protein 1 [MCP-1]), and Cxcl10 transcripts were greater in the treated
than in the untreated animals (Fig. 4K). These cytokines are directly induced by acti-
vated IRF3 (24). These data thus indicate that IRF3 signaling was not impaired in these
mice and that the reductions in inflammation were not due to decreased chemokine
expression. Unlike these genes that are under direct IRF3 transcriptional control,
increases in Tnfa (tumor necrosis factor alpha [TNF-a]) and Ifng (interferon gamma
[IFN-y1) expression occur later and do not correlate temporally with viral load in the
liver of Ifnar1~/~ mice (24). Except for two treated animals with markedly increased
expression, Tnfa transcript levels were similar in treated and untreated animals. There
was no increase in Ifng expression in the infected mice, but Ifng transcripts were mark-
edly reduced from baseline levels in the miglustat-treated animals (Fig. 4K).

We also examined the impact of miglustat treatment on leukocytes in the liver and
spleen. HAV infection normally results in a significant accumulation of leukocytes in
the liver of Ifnar1=/~ mice (24). This was reduced by about 30% by miglustat treatment
(Fig. 5A). CD8" and CD4™" T cell recruitment were both reduced by miglustat, although
treatment led to no differences in the proportions of cells expressing the activation
marker CD44 (Fig. 5B and C). Miglustat treatment resulted in only a small decrease in
macrophage accumulation and no defect in infection-related increases in monocytes,
neutrophils, or Kupffer cells. The impact of miglustat on cell numbers was more severe
in the spleen, where all cell types were reduced in number by 82 to 89% (Fig. 5D and
E). This included a large reduction in CD8" T lymphocytes staining positively for CD44,
which was not observed in the liver (Fig. 5C and F).

Taken collectively, these results are consistent with a model in which enhanced rep-
lication of the virus secondary to miglustat treatment boosts IRF3-dependent gene
expression and leads to continued hepatocellular apoptosis. Despite exuberant che-
mokine induction, inflammatory cells fail to accumulate within the liver due to either
aberrant maturation of N-linked glycans on key cellular receptor molecules or drug-
related cell depletion (see Discussion).

HAYV infection in Ifnar1—/~ mice treated with UV-4. The above-described experi-
ments were carried out using maximal doses of miglustat that engendered clear gas-
trointestinal toxicity. To achieve a clearer view of the impact of iminosugar inhibitors
on HAV infection, we pretreated mice with UV-4, which has been shown to be active
against flaviviruses in mice and is about 4-fold more active than miglustat in inhibiting
HAV replication in Huh-7.5 cells (Fig. 1B). Beginning 7 days prior to infection (day —7),
groups of 8-week-old female Ifnar1=/~ mice (n=6) were given 4 mg UV-4 in water, or
an equal volume of the water control, by gavage twice daily (total dose of ~400 mg/
kg/day) (Fig. 6A). This UV-4 dosage is over 10-fold higher than that shown previously
to have significant antiviral activity against dengue virus in mice (17). Five animals in
the no-drug group were inoculated i.v. with 2 x 10° GE of 10th-mouse-passage HAV
(HM175-mp10), an inoculum that is somewhat less robust in inducing hepatitis than
the HM175-mp6 inoculum used in the experiments described above. Twice-daily ga-
vage with UV-4 (or the water control) continued until necropsy at 7 days p.i. (Fig. 6A).
The drug was well tolerated, and the UV-4-treated animals remained healthy, with no
evidence of gastrointestinal toxicity. Surprisingly, the UV-4-treated mice shed signifi-
cantly more virus in feces at both 4 and 7 days p.i. (Fig. 6B). The abundance of HAV
RNA was increased about 3-fold in the livers of treated versus untreated animals at

FIG 4 Legend (Continued)

Journal of Virology

intrahepatic cytokine and chemokine mRNA abundances in miglustat- and sham-treated animals. Data shown represent the AC; values between cytokine
and actin transcripts, with baseline values for each derived from the means of results from 3 to 4 individual uninfected, untreated Ifnar1~/~ mice (baseline
shown only for Ifng). Statistical testing was done by two-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test (C) or a Mann-Whitney

test (D, H, and K).
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FIG 5 Cells present in the liver and spleen of naive mice and mice with established HAV infection following miglustat
or sham treatment as shown in Fig. 4A. (A) Total number of leukocytes present in the liver. (B) Cell types present in
the liver. ¢cDC, conventional dendritic cells. (C) Proportions of intrahepatic CD4" and CD8" lymphocytes staining
positively for the activation marker CD44. (D) Total number of leukocytes in the spleen. (E) Cell types present in the
spleen. (F) Proportions of CD4" and CD8" lymphocytes in splenic tissue staining positively for the activation marker
CD44 (n=4 in each group). P values are shown only for significant pairwise differences from untreated, infected mice,
determined by 2-way ANOVA with Sidak’s multiple-comparison test (*, P<0.05; **, P<<0.01; ***, P<0.001; ****,
P < 0.0001).

necropsy, but this did not reach statistical significance (P=0.0733 by a two-tailed t
test) (Fig. 6C).

Serum ALT levels, which are typically linked closely to HAV replication in this murine
model (24, 25), were significantly lower in treated than in untreated mice (Fig. 6D).
Histological examination of liver tissues performed in a blind manner also revealed sig-
nificantly fewer foci of inflammation and lower numbers of cleaved caspase 3-positive
apoptotic hepatocytes in the UV-4-treated animals (Fig. 6E and F). Both TNF-a and IFN-
v expression levels were significantly reduced in the livers of UV-4-treated mice,
whereas Isg15 and Ccl5 transcripts were slightly increased in abundance (Fig. 6G).
There was a moderate loss of white pulp in the spleen of one animal in each treatment
group but no difference overall in splenic histology in the UV-4-treated versus
untreated animals (Fig. 6H). Taken collectively, these data show that UV-4 has no signif-
icant antiviral activity against HAV in mice at this dosage but nonetheless mitigates
inflammation resulting from viral replication in the liver.

Hepatic ganglioside abundance in UV-4-treated animals. Targeted mass spec-
trometry analyses indicated that UV-4 treatment reduced the total hepatic ganglioside
abundance by only 20% (Fig. 7A; Table S2). Not all ganglioside classes were equally
affected. Analysis of raw ion intensities revealed an increase in the relative abundance
of GM2, from 4.4% of all gangliosides in untreated mice to 7.9% in UV-4-treated mice
(Fig. 7B). Whereas most ganglioside species were reduced in abundance, several GM2
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FIG 6 HAV infection in UV-4-treated Ifnar1™~ mice. (A) Infection scheme with 3 groups of mice. Groups of mice received 4mg UV-4 [N-(9-methoxynonyl)-1-
deoxynojirimycin] in 200 ul water (n=6) or an equal volume of the water control (n=5) twice daily (b.i.d.) by gavage for 7 days prior to and 6days following i.v.
challenge with HM175-mp10 mouse-passaged HAV. A single mouse (mouse 1) was monitored in parallel with no drug and no virus challenge as a contemporary
control. Mice were necropsied at 7 days p.i. (B) HAV RNA quantified by RT-qPCR in feces from mice at days 4 and 7 p.i. (C) HAV RNA quantified by RT-PCR in liver
tissues at necropsy. (D) Serum ALT activities at necropsy. The dashed horizontal line represents the upper limit of normal. (E) Histopathology and cleaved caspase
3-positive cell scores for liver tissues from reading of 10 randomly selected microscopic fields performed in a blind manner. (F) Representative microscopic fields
of hematoxylin- and eosin-stained liver tissue from mouse 5 (no drug; pathology score = 15) (top) and mouse 7 (UV-4 treated; pathology score=5) (bottom).
Arrows indicate apoptotic hepatocytes, some with a surrounding inflammatory infiltrate. (G) RT-gPCR quantitation of cytokine transcripts in liver tissue collected
at 7days p.. Data are presented as fold changes from the uninfected, untreated control animal (mouse 1), relative to actin mRNA. (H) Splenic histopathology
scores in UV-4-treated and untreated mice. Spleens were scored in a blind manner according to the following scale: 1 for normal, 2 for a minimal (approximately
<30%) decrease in white pulp, 3 for a moderate decrease in the overall size and disrupted organization of the periarteriolar lymphoid sheath, and 4 for a
complete loss of lymphoid cells. In all panels, pairwise comparisons were performed by a two-tailed Mann-Whitney test; significant (P < 0.05) P values are noted.

June 2021 Volume 95 Issue 11 e00058-21 jviasm.org 11


https://jvi.asm.org

Misumi et al.

A_ s

w

< B GD1a
= Gb3 2
\:/ 61 m oM 8
= m GM2 ..:':_’.
S 4 m oV £
R} c
:
z 2 &
=
0
Nodrug UV-4 SHBRT BB
No drug uv-4
40 GM3d181/160 & o GD1a 204 <0.0001
30 GD3 . I O Nodrug
e oo O I <0.0001 0 uv4
61 v oM X 9 H
GM3d18:1/20 o o GM3 > i
GMad1g:1241 ¢ D 4 | i
c 104 |
5 k5 i
S 44 = I
{2
= Lk
2 4 g 27 H
oo % (DO... e 'r'.‘:"'{l."ﬁ"ﬁ
0B e o DO O OND O N O OO ON SN
o N R R R R

BB B BB S S S S
Logz[fold-change] ISR SRR SR S S S S S

FIG 7 Hepatic ganglioside abundance in UV-4-treated mice. (A) Summed mean ion intensities of
ganglioside classes in liver tissue from untreated (n=4) versus UV-4-treated (n=5) mice. Based on
summed ion intensities, UV-4 reduced the overall hepatic ganglioside abundance by 19.9%. The
GD1a ganglioside abundance was reduced by 10.5%, GM1 was reduced by 23.8%, and GM3 was
reduced by 32.6%, whereas the GM2 abundance was increased by 55.8%. (B) Class composition of
gangliosides in livers from untreated and UV-4-treated mice. Data shown are the mean percentages
that each ganglioside class represents of all gangliosides, = SD. GD3 comprised less than 0.1% of
gangliosides in both treated and untreated animals. Statistical significance was determined by a t
test with Holm-Sidak correction for multiple comparisons. (C) A volcano plot shows the differences
detected in the abundances of individual ganglioside species in liver tissues from treated versus
untreated HAV-infected mice. Probability was determined by an unpaired t test with Holm-Sidak
correction for multiple comparisons. Solid symbols indicate an FDR of <0.01%; the horizontal line
indicates a P value of 0.05. (D) Mean raw ion intensity values = SD for ganglioside GM2 species in
liver tissues from untreated (n=4) or UV-4-treated (n=5) mice. Statistical significance was
determined by two-way ANOVA.

species (especially those with long acyl tails, GM2 d18:1/22:0 and GM2 d18:0/24:0)
were increased in UV-4-treated animals (Fig. 7C and D). These increases likely reflect
variable inhibition of different ganglioside-specific 8-glucosidases mediating ganglio-
side degradation (27).

DISCUSSION

Following its endocytosis, HAV must interact with gangliosides expressed within
the endolysosomal membrane for uncoating to occur and for the viral genome to be
delivered to ribosomes to initiate the translation of viral proteins (13). The antiviral ac-
tivity of miglustat stems from its ability to block the de novo synthesis of gangliosides
by inhibiting glucosylceramide synthase (GCS), an enzyme that catalyzes the conjuga-
tion of UDP-glucose to ceramide to produce lactosylceramide as the initial step in the
synthesis of all gangliosides (Fig. 3A) (27). Hepatovirus replication is thus blocked in
cell culture by the depletion of cellular gangliosides (13). This mechanism of action is
distinct from that underlying the antiviral activity of iminosugar compounds against
enveloped viruses such as dengue virus, which is thought to involve disruption of the
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trimming of glycans on glycoproteins, a process normally mediated by host a-glucosi-
dases (16, 17).

Very high doses of miglustat (4,800 mg/kg/day) resulted in a 70% reduction in gan-
glioside abundance within the livers of I/fnar1=/~ mice (Fig. 3C and E). This degree of
depletion was without antiviral effects and may even have been associated with
increased replication of virus (Fig. 2C). UV-4, also used at a relatively high dose
(400 mg/kg/day), reduced the abundance of most ganglioside species by less than 2-
fold but paradoxically increased the abundance of many GM2 species (Fig. 7B to D).
This was associated with a highly significant 30-fold increase in fecal virus shedding in
treated animals (Fig. 6B) and a 3-fold increase in the intrahepatic viral load that did not
achieve statistical significance (Fig. 6C). Gangliosides are enzymatically degraded
within lysosomes by B-glucosidases that, like GCS, are inhibited by miglustat (27). Any
contrary increases in ganglioside abundance may have been greatest within lyso-
somes, where gangliosides function in HAV entry (13). An additional factor that may
have contributed to the lack of antihepatovirus activity in vivo is the 10-fold-higher rel-
ative abundance of GD1a in mouse liver than in Huh-7.5 cells (13) (Fig. 3B). Exogenous
GD1a is ~10-fold more active than other gangliosides in blocking HAV infection of
Huh-7.5 cells (13), suggesting that it is more active in mediating viral entry. Residual
levels of GD1a in particular may have been sufficient for continued HAV cell entry in
both miglustat- and UV-4-treated animals.

Impaired immune control may have also contributed to greater HAV replication in
the treated animals. Miglustat and UV-4 treatment resulted in reduced inflammatory
cell populations and IFN-y expression in the livers of treated animals (Fig. 2E and F, Fig.
4D and G, and Fig. 6E and F). Inflammatory cell infiltrates were sharply reduced in
miglustat-treated animals despite greater induction of chemokine expression in the
liver (Fig. 21 and Fig. 4K). Increases in chemokine expression were consistent with
increases in viral RNA in the treated animals (Fig. 2C and Fig. 4C) and likely resulted
directly from MAVS-dependent transcriptional activation of IRF3, as shown previously
(24). Despite robust replication of the virus, there is no inflammatory response to HAV
infection in Mavs—/~ mice or in Irf3~/=/Irf7=/~ mice lacking IRF3 expression (24).

Chao et al. (28) recently demonstrated that proinflammatory MAVS-dependent
NF-kB responses in murine astrocytes are boosted by lactosylceramide, which they
found to promote the interaction of MAVS with cytosolic phospholipase A (cPLA2).
By inhibiting the synthesis of lactosylceramide, the first intermediate in ganglioside
synthesis (Fig. 3A), these investigators found that miglustat reduced the inflamma-
tory response in experimental murine autoimmune encephalitis (28). While possible,
a similar suppression of MAVS signaling within hepatocytes seems an unlikely expla-
nation for the reduced inflammation in miglustat- or UV-4-treated mice, as the tran-
scription of Isg15 and Ccl5, both of which are directly regulated transcriptionally by
IRF3 (29, 30), remained strongly induced, and in some cases even increased, in
treated mice (Fig. 4K and Fig. 6G).

An alternative explanation for the lack of inflammatory cells accumulating within
the liver in treated mice is a failure of chemokines such as RANTES (Cc/5) and MCP-1
(Ccl2) to recruit cells to the liver. This could result from a lack of proper glycan matura-
tion and potential misfolding of essential cellular glycoprotein receptors secondary to
iminosugar inhibition of a-glucosidases in the endoplasmic reticulum. The antiviral
action of UV-4 against dengue virus results from such activity (31). Moreover, damp-
ened signaling responses to IFN-y and TNF-a receptor engagement have been
reported in cells treated with either miglustat or UV-4 (32). This scenario is consistent
with the absence of inflammatory cells normally found to surround cleaved caspase 3-
positive hepatocytes in miglustat-treated mice (Fig. 4G). A similar phenomenon may
explain the splenic atrophy observed in these mice, as homeostatic lymphotoxin-«; 8,
signaling is essential for the maintenance of normal MAdCAM-1* (mucosal addressin
cell adhesion molecule 1) endothelial cell architecture in the spleen (33, 34). In addi-
tion, the generalized lymphopenia evident in spleens of miglustat-treated animals (Fig.
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4l and J and Fig. 5E) may have contributed to the reduction in cells infiltrating the
infected liver as well as the decreases observed in intrahepatic /fng expression (Fig. 4K
and Fig. 6G). However, the loss of IFN-y expression probably played no role in the anti-
inflammatory effects of the iminosugar compounds, as Ifng was not induced above ba-
sal levels in untreated, infected Ifnar1—/~ mice with hepatitis (Fig. 4K and Fig. 6G). In
addition, previous studies show that hepatic inflammation is just as severe in double-
knockout Ifngr1=/~ Ifnar1~/~ mice lacking both type | and type Il IFN receptors (24).

In summary, neither miglustat nor UV-4, both used at relatively high doses, provides
any useful suppression of HAV replication in Ifnar1=/~ mice. However, both iminosugar
compounds negatively impact the accumulation of inflammatory cells in the livers of
HAV-infected mice, likely by disrupting chemokine and cytokine signaling. How such
host-targeted effects of iminosugar compounds influence the immune responses to
other virus infections should be considered when these compounds are employed for
their antiviral effect.

MATERIALS AND METHODS

Virus and cells. Huh-7.5 human hepatoma cells and HM175/p16 virus have been described previ-
ously (13, 35, 36). Viral inocula for mouse infections were prepared from lysates of liver from Mavs ™/~
mice infected with 6th-mouse-passage (HM175-mp6) or 10th-mouse-passage (HM175-mp10) virus, as
described previously (24).

Iminosugar compounds. Miglustat (N-butyl-1-deoxynojirimycin), also known as UV-1, and UV-4 [N-(9-
methoxynonyl)-1-deoxynojirimycin] were provided by Emergent Biosolutions, Inc., Gaithersburg, MD. In both
in vitro and in vivo experiments, UV-4 was administered as the hydrochloride salt, also known as UV-4B.

RT-qPCR for HAV RNA and cytokine mRNA. RNA was extracted from liver tissue using TRIzol rea-
gent (Invitrogen Life Technologies) according to the manufacturer’s suggested protocol. Fecal RNA was
isolated using the QlAamp viral RNA isolation kit (Qiagen). cDNA was synthesized using a SuperScript Il
first-strand synthesis supermix kit (Invitrogen). HAV RNA was quantified by reverse transcription-quanti-
tative PCR (RT-qPCR) using iTaq SYBR green (Bio-Rad) with a real-time PCR detection system (Bio-Rad), as
described previously (13). HAV RNA was determined by reference to a standard curve generated with
synthetic HAV RNA. For the quantification of liver cytokines, primers for Isg15, Ccl5, Ccl2, Tnfa, Cxcl10,
Ifng, and B-actin were purchased from Sigma; qPCR was carried out with iTaq universal SYBR green
supermix (Bio-Rad).

Cell-based antiviral activity assays. Huh-7.5 cells (10%) were plated in wells of a 96-well plate. The
cells were refed 24 h later with Dulbecco’s modified Eagle’s medium (DMEM) containing increasing con-
centrations of miglustat or UV-4 and 10% fetal bovine serum. Cells were inoculated 72 h later with 18f-
NLuc virus (9 x 10° GE); virus was allowed to adsorb for 2 h at 37°C and then washed off and replaced
with fresh medium containing iminosugar compounds. Cells were harvested for NLuc assays at 12 h p.i.
NLuc assays were carried out as described previously (13).

HAV infection in Ifnar1~/~ mice. Female Ifnar1~/~ mice were intravenously inoculated with virus at
6 to 8 weeks of age. Mice were housed in individual cages for the collection of fecal pellets and serum
samples. Livers and spleens were harvested at necropsy and stored in RNAlater (Thermo Fisher
Scientific), snap-frozen on dry ice and kept at —80°C, or fixed in 10% formalin for 48 h and stored in 70%
ethanol for histology. All experimental procedures were approved by the Institutional Animal Care and
Use Committee of the University of North Carolina at Chapel Hill.

Alanine aminotransferase. Mouse sera (2.5 ul) were diluted 1:2 in phosphate-buffered saline (PBS)
and assayed for alanine aminotransferase (ALT) activity using the alanine aminotransferase activity assay
kit (Reitman-Frankel method; Elabscience) according to the manufacturer’s suggested protocol.

Histopathological examination of mouse liver and spleen. Sections (4-um thickness) cut from for-
malin-fixed, paraffin-embedded liver and spleen were stained with hematoxylin and eosin (H&E) and
examined for histological changes by light microscopy. Liver sections were scored in a blind manner for
inflammation by a veterinary hepatic pathologist by enumerating foci of inflammation in 10 randomly
selected 10x fields of view.

Hepatic and splenic leukocyte analysis. Single-cell suspensions were prepared from the spleen
and liver for analysis of leukocytes. Perfused livers were cut into small pieces and digested at 37°C for
30 min with 100 U/ml type IV collagenase (Gibco/Thermo Scientific, Waltham, MA) and 10 mg/ml DNase
| (Sigma-Aldrich) in DMEM containing 1 mM CaCl, and 1 mM MgCl,. After passing through a 70-um ny-
lon cell strainer, hepatocytes were spun down briefly by centrifugation at 50 x g for 2min and dis-
carded. Washed and pelleted cells were resuspended with a 40% isotonic Percoll solution (GE
Healthcare) and overlaid on a cushion of an 80% Percoll solution. Intrahepatic leukocytes were carefully
removed from the Percoll solution after centrifugation at 800 x g for 20 min at room temperature (RT).
Spleens were physically disrupted over a 70-um nylon cell strainer (Corning, NY). Single-cell preparations
from spleens and livers were rinsed and resuspended in 10% RPMI 1640 medium and then surface
stained with combinations of fluorescently labeled monoclonal antibodies (mAbs) procured from
BioLegend (see Table S3 in the supplemental material). Fluorescently labeled cells were quantified by
flow cytometry using a FACSCalibur cytometer (BD Biosciences), and the data were analyzed with
FlowJo software (TreeStar). All mAbs were purchased from BioLegend.
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Extraction of gangliosides from mouse liver. Mouse liver was washed to remove blood using PBS
and blot dried, and 200 mg of tissue was then weighed, added to 750 ul liquid chromatography-mass
spectrometry (LC-MS)-grade water (Fisher Scientific), and homogenized using a Precellys Evolution ho-
mogenizer (Bertin Technologies) at 6,800 rpm for 30 s in 2 cycles. The homogenate was mixed with 2 ml
LC-MS-grade methanol (Fisher Scientific) and 1 ml high-performance liquid chromatography (HPLC)-
grade chloroform (Fisher Scientific) and then centrifuged at 2,500 rpm at room temperature for 15 min.
The supernatant was collected and mixed with 650 ul of LC-MS-grade water and then recentrifuged at
2,500 rpm at room temperature for 15 min. The upper layer thus formed was collected and dried under
a stream of nitrogen gas. The dried ganglioside extract was reconstituted using chloroform-methanol-
water (2:1:0.1, vol/vol/vol) to 1mg/ul (tissue wt/vol) before liquid chromatography-multiple-reaction
monitoring (LC-MRM) analysis.

RPLC-MRM analysis of label-free gangliosides. A binary Vanquish ultrahigh-performance liquid
chromatography (UHPLC) system (Thermo Scientific) coupled with a Quantiva triple-quadrupole mass
spectrometer (Thermo Fisher Scientific, Haverhill, MA) was used for LC-MRM analysis. For chromato-
graphic separation, a Cortecs C,; column (2.6-mm internal diameter [i.d.] by 100 mm, 1.6 um; Waters)
and the following mobile phases were used: mobile phase A contained 60:40 acetonitrile-water with
10 mM ammonium formate and 0.1% formic acid, and mobile phase B contained 90:10 isopropanol-ace-
tonitrile with 10 mM ammonium formate and 0.1% formic acid. The gradient was 30% mobile phase B
(0min), 50% mobile phase B (1 min), 70% mobile phase B (7 min), 99% mobile phase B (13 min), 30% mo-
bile phase B (13.1 min), and column equilibration for an additional 2 min at 30% mobile phase B. The col-
umn was maintained at 40°C at a flow rate of 350 ul/min. The injection volume was 10.0 ul. The follow-
ing parameters were set for the mass spectrometer: 20 Arb (arbitrary units), 7 Arb, 1 Arb, 300°C, and 300°
C for sheath gas, auxiliary gas, sweep gas, ion transfer tube temperature, and vaporizer temperature,
respectively. The ion source was operated using heated electrospray ionization (ESI) with the ion spray
voltage set at 3,000 V in negative-ion mode. The collision cell gas pressure was 1.5 mtorr, and the colli-
sion energy for each ganglioside class was optimized using standards. Scheduled MRM mode was
employed for analysis of all gangliosides based on a previously reported method (37), with some modifi-
cations. First, a list of esterified fatty acids in ganglioside extracts of mouse liver was determined by fatty
acid analysis; next, the theoretical mass and transition list of all potential gangliosides were generated
based on the fatty acid list and theoretical fragment ions. Fragment ions were then verified using PRM
(parallel-reaction monitoring) mode in a Q Exactive HF mass spectrometer (Thermo Scientific). The reten-
tion time was verified against known ganglioside standards. Raw data files were acquired in XCalibur 2.2
(Thermo Scientific) and processed in Skyline (20.1.0.28) (38).

Statistical analysis. Statistical calculations were carried out using Prism 6.0 (GraphPad).
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