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Abstract

Hepatitis delta virus (HDV) has been detected in the minor salivary gland (MSG) tissue of Sjégren’s disease (SjD) patients in the absence
of a hepatitis B virus (HBV) coinfection. Previous research has shown that HDV antigen (HDAg) expression can trigger an SjD-like
phenotype in vivo, demonstrating a potential cause-and-effect relationship. We hypothesize that if HDV plays a role in the development
of SjD, then HDV profiles may be correlated with disease manifestations. This retrospective study characterized HDV in a cohort of 48
SjD MSG samples collected between 2014 and 202 1. Analyses of HDAg expression, including cell type and subcellular localization, in situ
hybridization of HDV RNA, and comparative analyses with associated SjD and viral hepatitis clinical features, were conducted. HDAg
was detected in MSG acinar, ductal, myoepithelial, and adipose cells and localized with the nuclei, cytoplasm, and mitochondria. In situ
hybridization detected HDV genomic RNA localization in the MSG nuclei. A significant negative correlation was found between HDAg
intensity and focal lymphocytic inflammation and in patients with both anti-SSA/Ro-52 and anti-SSA/Ro-60. In analyzing autoimmune
disease comorbidities with SjD, it was found that SjD patients diagnosed with autoimmune thyroiditis and/or hypothyroidism were
significantly more represented in the high HDAg intensity group compared to the negative and moderate HDAg intensity groups. No
significant associations were detected between MSG-localized HDAg and liver enzymes or an evident HBV coinfection. This study
has further confirmed that there is a nonhepatic reservoir for chronic HDV persistence in SjD-affected salivary gland tissue in a third
independent SjD patient cohort. In addition, this study describes the unique colocalization of HDAg with mitochondria. The detection
of HDV antigen and sequence within SjD-affected salivary gland tissue, and in the absence of an evident current or past HBV coinfection,
warrants further investigation.
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Introduction Kolmioviridae family, HDV is the only viral satellite RNA
(sat-RNA) known to infect humans (Appendix Fig. 1). This
. . 7 e ~1,700-nt circular, single-stranded sat-RNA produces 2 anti-
immune disease afflicting >0.01% of the population in the gens: the small HDAg (S-HDAg) and large HDAg (L-HDAg)
Unltefd States (Maciel e_:t al. 2017; Izmirly et al. 2019).. SiD is from a single open reading frame (Casey 2006). A helper virus,
classified by the detection of decreased tear and/or saliva pro- such as hepatitis B virus (HBV), is required for transmission
duction, development of autoan.tib(?dies (anti_—SSA/Ro_, anti- and packaging, and the tissue tropism of HDV is dictated by
SSB/La), and focal lymphocytic inflammation within the o tropism of the helper virus (Yan et al. 2012). Once inside
salivary glanq '[ISSU(? and in .conne.ctlon with 51gn1ﬁcar.1t extrag- the cell, HDV uses the S-HDAg and host cellular proteins for
landular manifestations (Shiboski et al. 2017). The etiology of replication and can persist in the absence of an active helper
this female-predominant disease is attributed to a combination virus coinfection (Chang et al. 2005). The L-HDAg facilitates
of genetic susceptibility factors, altered hormone profiles, and/ the packaging of the ribonucleoprotein complex into HBV

or chronic pathogen exposure (Igoe and Scofield 2013; Liu et al. (Casey 2006). Coinfection with HBV is associated with
2016; Vivino et al. 2019; Maslinska and Kostyra-Grabczak

2022). Previously, hepatitis delta virus (HDV) was detected in
SjD salivary gland tissue and shown to trigger an SjD-like phe- 'School of Dentistry, University of Utah, Salt Lake City, UT, USA
notype in vivo (Weller et al. 2016). This current retrospective 2Department of Pathology, Microbiology and Immunology, University of
study builds upon the discovery of HDV in SjD patients and Utah, Salc Lake City, UT, USA
aims to characterize the clinical and in situ features of HDV A supplemental appendix to this article is available online.
within an. Utahn SJD cohort. . . . . Corresponding Author:

Hepatitis delta VILUS IS a rare 1nfectlou§ disease estimated to M.L. Weller, School of Dentistry, University of Utah, 383 Colorow
affect 12 to 72 million people worldwide (Stockdale et al. Drive, Salt Lake City, UT 84108, USA.
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Sjogren’s disease (SjD) is a noncommunicable, chronic auto-
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enhanced symptoms of viral hepatitis, increased risk of liver
decompensation, and hepatocellular carcinoma (Urban et al.
2021). Since the discovery of HDV in the 1970s (Rizzetto et al.
1977), this unique pathogen has been extensively studied in the
context of viral hepatitis. However, the recent discovery of
HDV infection in nonhepatic tissue and its association with the
development of exocrine gland dysfunction suggest that there
may be more to this sat-RNA than previously understood
(Weller et al. 2016).

In a previous study, HDV sequence and antigen were
detected in minor salivary gland (MSQ) tissue of SjD patients
(Weller et al. 2016). In these cases, a current or prior HBV
infection was not detected. Furthermore, expression of HDV
antigens in a murine model triggered the development of a
complete SjD-like phenotype in vivo. Specifically, expression
of S-HDAg led to the development of autoantibodies (anti-
SSA/Ro and anti-SSB/La) and decreased stimulated saliva
flow in the mice. Mice expressing both S-HDAg and L-HDAg
developed significant focal inflammation in their salivary
gland tissue and developed anti-SSA/Ro antibodies. These
findings suggest a potential cause-and-effect relationship
between HDV antigen expression and the development of the
SjD phenotype.

The presence and impact of HDV localized outside of
hepatic tissue has not been well-defined. The aim of this study
was to characterize the presence and impact of HDV in MSG
tissue of patients diagnosed with SjD. In this study, we per-
formed a retrospective analysis of an SjD cohort to evaluate
HDV antigen and sequence localization in MSG biopsies. We
then used the HDV profiles in comparative analyses with SjD
classification criteria, autoimmune disease comorbidities, liver
enzymes, and viral hepatitis tests. Our findings show that HDV
localized within multiple salivary gland cell types and had a
unique subcellular localization pattern. This study provides
essential information on HDV colocalization within SjD MSG
tissue and identifies SjD clinical parameters that significantly
correlate with HDV antigen expression levels.

Methods

Materials and methods are reported in the Appendix.

Results

SjD Patient Demographics and Clinical
Characterization

This study investigated the presence and impact of HDV in the
MSG tissue of patients with a Utahn SjD cohort. A retrospec-
tive analysis was conducted on 48 archived MSG biopsies
from SjD patients (Table 1). The study cohort consisted of
91.7% females and 8.3% males with an average age of 49.9 +
13.2 y at SjD diagnosis. Lymphocytic focus scores =1
foci/4mm? area were observed in 68.8% of the biopsies ana-
lyzed. Antinuclear antibodies (ANA) were positive in 48.4% of
the patients, anti-SSA/Ro in 27.3%, anti-SSB/La in 2.1%, and

Table I. Sjogren’s Syndrome Patient Demographics and
Characterization of Clinical Features.

Characteristic Sjégren’s Syndrome (n = 48)

Sex
Female 44 (91.7)
Male 4(8.3)
Race
Asian 0 (0.0
American Indian or Alaskan Native 0 (0.0
Black or African American 0 (0.0
Native Hawaiian or Pacific Islander 0 (0.0
White 45 (93.8)
Other 3(6.3)
Ethnicity
Hispanic/Latino 5(10.4)
Not Hispanic/Latino 43 (89.6)
Age, mean £SD, y 499+ 132
Age group
0-19 0 (0.0)
20-39 10 (20.8)
40-59 25 (52.1)
60+ 13 (27.1)
Foci/4 mm? 1519
>| 33 (68.8)
<l 15(31.3)
Autoantibodies
ANA (+) 15/31 (48.4)
Anti-SSA (+) 12/44 (27.3)
Anti-SSB (+) 1/43 (2.1)
RF (+) 5/33 (15.2)

Values are presented as number (%) unless otherwise indicated.
ANA, antinuclear antibody; RF, rheumatoid factor.

rheumatoid factor (RF) in 15.2%. No evidence of hypocomple-
mentemia was found in the cohort, but abnormal (high) C3 and
C4 levels were detected in 9.1% and 18.2% of the patients,
respectively (Appendix Table 1).

HDAg Detected in SjD Labial MSG Tissue

Immunohistochemical analysis was performed to assess the
presence of HDAg in SjD and non-S;jD sicca syndrome MSG
tissue. As shown in Figure 1A, MSG tissues were analyzed for
HDAg presence and localization using counterstaining for
nuclei (DAPI) and mitochondria (OxPhos antibody cocktail).
The analysis revealed elevated levels of HDV antigen in SjD
MSG tissue compared to the non-SjD sicca syndrome MSG
tissue.

The cellular localization of HDAg in labial MSG tissues
was evaluated using immunohistochemical staining of aquapo-
rin 5 (AQP5) and cytokeratin 7 (CK7) to detect acinar and duc-
tal cells, respectively. Results showed that HDAg was present
in both acinar and ductal cells of the labial MSG tissue (Fig.
1B). Labial MSG tissues comprise seromucous acini with a
predominance of mucous acini (Appendix Fig. 2A). HDAg
was detected in mucous acini within MSG tissue (Appendix
Fig. 2A-E). HDAg was also found to colocalize with the
nuclear region of adipocyte cells within the connective tissue
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Figure |. Cellular and subcellular localization of hepatitis delta virus antigen (HDAg)
in Sjogren’s disease (SjD) labial minor salivary glands. (A) Localization of HDAg in
non-SjD Sicca syndrome control relative to SjD patient HDAg profile. =4, scale

bars =50 um. (B) Cellular localization patterns of HDAg were identified through
immunohistochemical staining of formalin-fixed, paraffin-embedded (FFPE) minor

labial salivary gland sections. Cell nuclei were stained with DAPI (blue); anti-HDAg
antibody was used for immunostaining of HDAg (green). Antibodies for AQP5 and CK7
were used for identification of acinar and ductal cells, respectively (red). n=4, scale
bars =50 um. (C) Subcellular colocalization of HDAg with mitochondria was observed
(white arrows). Cell nuclei were stained with DAPI (blue); anti-HDAg antibody was
used for immunostaining of HDAg (green). OxPhos Human Antibody Cocktail was used
for identification of mitochondria (red). n=48, scale bars =25 um.

Nuclear Localized HDV Sequence
Detected in SjD MSG Tissue

In situ hybridization was performed to detect HDV
genomic and anti—genomic RNA sequence using
custom RNAScope probes. Results, shown in
Figure 2, revealed that HDV genomic RNA was
localized within the cell nuclei (Fig. 2A). HDV
RNA did not colocalize with mitochondrial RNA,
as determined by an RNAscope probe detecting
COX I RNA (Fig. 2B). The anti-genomic HDV
sequence was not detected in the labial MSG tis-
sues analyzed (data not shown). Lower copy num-
ber of antigenomic sequences compared to
genomic sequences (1:15) present during the HDV
replication cycle may limit detectability (Chen
et al. 1986). Previously, nuclear localization of the
HDYV sequence has been linked to active replica-
tion of the viral genome (Tseng and Lai 2009).

HDAg Association with Clinical
Features of SjD

In this study, labial MSG biopsies from SjD
patients were analyzed for the presence and inten-
sity of HDAg. Comparisons were made between
HDAg intensity and various clinical parameters of
SjD classification, including focal lymphocytic
inflammation, autoantibody profile, and patient
demographics. HDAg intensity was classified into
3 categories: high, moderate, and negative inten-
sity as outlined in the Methods section and
Appendix Figure 3. There were no significant dif-
ferences in HDAg intensity based on race or eth-
nicity (Table 2). However, a significant difference
was observed in the median age of patients in each
HDAg intensity group. The median age of the high
HDAg intensity group was 49.5 + 10.4, the moder-
ate intensity group was 42.1 + 13.3, and the nega-
tive group was 57.2 £ 12.1 (P = 0.004) (Table 2).
In addition, a significant difference was observed
between HDAg intensity groupings and age
groups, with higher HDAg intensity in younger
age groups (age 20—39) and lower HDAg intensity
in the 60+ age group (P = 0.03) (Table 2).

(Appendix Fig. 2F-J) and with myoepithelial cells (Appendix
Fig. 2K-0). No evidence of HDAg expression was observed in
lymphocytic foci (data not shown).

The labial MSG tissues were analyzed to determine the sub-
cellular localization patterns of HDAg, including subcellular
localization of HDAg in the nucleus and mitochondria of the
MSG tissues (Fig. 1C). The results showed that HDAg was
present in the nucleus of both acinar and ductal cells and colo-
calized with the mitochondria (Fig. 1B, C). HDAg in adipo-
cytes presented with a nuclear localization pattern (Appendix
Fig. 2F-)).

The analysis of HDAg intensity in MSG tissues from SjD
patients in the Utahn cohort revealed multiple significant cor-
relations with demographics and clinical features. A negative
correlation was observed between HDAg intensity and focus
score (r=-0.30, P < 0.05) (Fig. 3A). No significant difference
was found in HDAg intensity between biopsies with focus
scores of <1 or >1 foci/4 mm? (Fig. 3B). A negative trend was
also observed between HDAg intensity and age, with HDAg
intensity steadily decreasing with increasing age (Fig. 3C, D).
An increasing trend was seen between focus score and age
groups, although this was not statistically significant (Fig. 3E).
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These findings highlight the potential impact of
HDAg expression on SjD pathogenesis and suggest
a relationship between HDAg intensity, age, and
focus score in this patient population.
Autoantibody profiles were also evaluated in
relation to HDAg intensity. No significant differ-
ences were observed between HDAg intensity and
the presence of ANA or anti-SSA (Fig. 3F-G).
However, patients positive for either anti-SSA/
Ro-52 or anti-SSA/Ro-60 alone exhibited elevated
HDAg intensity levels compared to patients who
were positive for both anti-SSA/Ro-52 and anti-
SSA/Ro-60 (P < 0.05) (Fig. 3H). These findings
suggest that HDAg intensity may be influenced by
certain autoantibody profiles in SjD patients.

Merge DAPI

HDV RNA COoX |

Autoantibody profiles were also evaluated in
relation to focal inflammation. Patients who tested
positive for ANA had a significantly higher focus
score compared to patients negative for ANA (P <
0.05) (Fig. 3I). No difference in focus score was
observed between patients who tested positive or
negative for anti-SSA (anti-SSA/Ro-52 or anti-
SSA/Ro-Ro-60) (Fig. 3]). However, patients positive for both
anti-SSA/Ro-52 and anti-SSA/Ro0-60 had a significantly higher
focus score compared to patients positive for either anti-SSA/
Ro0-52 or anti-SSA/R0-60 alone (P < 0.05) (Fig. 3K). In SjD
patients positive for ANA, HDAg intensity negatively corre-
lated with focus score (Fig. 3L). No correlation was observed
between HDAg intensity and focus score in ANA-negative
patients. In summary, HDAg intensity negatively correlated
with focus score and was decreased in patients positive for
both anti-SSA/Ro-52 and anti-SSA/Ro-60.

Hepatitis delta virus antigen was detected in the nuclei of
adipose tissue within labial MSG tissue from patients with SjD
(Appendix Fig. 2F-J). The presence of HDV in adipose tissue
was evaluated alongside demographic and clinical data from
the cohort of 48 SjD patients. No significant correlations were
found between the percent area of adipose tissue and focus
score, age, sex, or autoantibody profile (Appendix Fig. 4).

Comorbidities in HDV* SjD Patients

Evaluation of autoimmune and infectious disease comorbidi-
ties was performed with our defined Utahn SjD cohort
(Appendix Table 2). Of the autoimmune diseases evaluated,
SjD patients diagnosed with autoimmune thyroiditis and/or
hypothyroidism were significantly more represented in the
high HDAg intensity group relative to negative and moderate
HDAg intensity (P < 0.006). Within the Utahn SjD cohort ana-
lyzed, 14.6% (7/48) of SjD patients and 37.5% (6/16) of SjD
patients with high HDAg intensity had a diagnosis of autoim-
mune thyroiditis or hypothyroidism (Appendix Table 2). In
addition, there was an increasing trend of myositis in the high
HDAg intensity group, although this trend was not statistically
significant. Other comorbidities, including lupus, rheumatoid
arthritis, multiple sclerosis, and ankylosing spondylitis, did not
show significant trends based on HDAg intensity group. No
SjD patient in the Utah SjD cohort analyzed had been

Figure 2. Subcellular colocalization of hepatitis delta virus (HDV) genomic RNA
with nuclei in Sjégren’s disease (SjD) minor salivary gland (MSG) biopsies. (A) Merged
overview of MSG tissue with cell nuclei (blue), HDV RNA (green), and mitochondrial
transcript COX | RNA (red). (B) Merged overview of in situ hybridization of probes
for HDV RNA and COX | demonstrating lack of colocalization between HDV RNA
and mitochondrial localized RNA. White arrows indicate examples of colocalization of
HDV RNA with cell nuclei; n= 14, scale bar=25um.

diagnosed with hepatitis C virus (HCV) or hepatitis B virus
(HBV) as determined by the presence of associated International
Classification of Diseases (ICD) codes.

Absence of HBV Coinfection or Viral Hepatitis

Hepatitis delta virus has been extensively studied in associa-
tion with an HBV coinfection. Therefore, liver enzymes, HBV
lab test results, and HBV ICD codes were analyzed for poten-
tial current or prior HBV coinfection and undiagnosed liver
disease in the SjD patient cohort. Results showed that 12%,
31%, and 29% of the SjD patients had abnormal levels of
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and alkaline phosphatase (ALP), respectively
(Appendix Table 3). However, there were no significant cor-
relations between abnormal AST, ALT, ALP, or AST/ALT ratio
and HDAg intensity (Appendix Fig. 5). Similarly, there were
no significant correlations between HDAg intensity and abnor-
mal levels of bilirubin, albumin, or protein. Of the 20 patients
tested for HBsAg or HBcAb, none had a positive result, indi-
cating absence of documented HBV coinfections in this study
population.

Discussion

This study demonstrates the presence of HDV antigen and
genomic sequence in SjD patients’ MSG tissue, primarily in
acinar and ductal cells, as well as myoepithelial cells and adi-
pocytes. HDAg localized with the nuclei, cytoplasm, and
mitochondria. The study is the first to detect and locate HDV
RNA in human MSG tissue, confirming HDV’s presence in
nonhepatic tissues. The presence of HDV antigen and
sequence in SjD-affected MSG, which has been shown to trig-
ger the SjD phenotype in vivo (Weller et al. 2016), further
supports that a viral mechanism may be involved in the devel-
opment of SjD.
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Table 2. Patient Demographics and Sjogren’s Syndrome Diagnostic Data Stratified by Hepatitis Delta Virus Antigen Intensity Level.

Characteristic Negative (n = 17) Moderate HDAg (n = 15) High HDAg (n = 16) P

Sex 0.83
Male 1(5.9) 1 (6.7) 2 (12.5)

Female 16 (94.1) 14 (93.3) 14 (87.5)

Race NS
American Indian or Alaskan Native 0 (0.0) 0 (0.0) 0(0.0)

Asian 0 (0.0) 0 (0.0) 0 (0.0)
Black or African American 0 (0.0) 0 (0.0) 0 (0.0)
Native Hawaiian or Pacific Islander 0 (0.0) 0 (0.0) 0(0.0)
White 15 (88.2) 14 (93.3) 16 (100.0)
Other 2 (11.8) 1(6.7) 0 (0.0)

Ethnicity 0.60
Hispanic/Latino 3 (17.6) 1 (6.7) 1 (6.3)

Not Hispanic/Latino 14 (82.4) 14 (93.3) 15 (93.8)

Age, mean £ SD, y 572+ 12.1 42.1 £ 133 495+ 104 0.004

Age group 0.03
0-19 0 (0.0) 0 (0.0) 0 (0.0)

20-39 0(0.0) 6 (40.0) 5(31.3)
40-59 10 (58.8) 7 (46.7) 8 (50.0)
60+ 7 (41.2) 2 (13.3) 3(18.8)

Foci/4 mm?, mean + SD 2.1+£25 1.5+2.0 1.0+0.8 0.18
>| 12 (70.6) 8 (53.3) 10 (62.5) 0.66
<l 5(29.4) 7 (46.7) 6 (37.5)

Autoantibodies
Anti-SSA (+) 5/16 (31.3) 4/13 (30.8) 3/15 (20.0) 0.76
Anti-SSB (+) 0/15 (0.0) 0/13 (0.0) I/15 (6.7) |
RF (+) 2/11 (18.2) 2/9 (22.2) 2/13 (15.4) |
ANA (+) 5/11 (45.5) 4/9 (44.4) 6/11 (54.5) |

Adipose tissue (% of area)
>10% 5(29.4) 1 (6.7) 5(31.3) 0.20
<10% 12 (70.6) 14 (93.3) Il (68.8)

Values are presented as number (%) unless otherwise indicated.

ANA, antinuclear antibody; HDAg, hepatitis delta virus antigen; ns, not significant; RF, rheumatoid factor.

A comparative analysis identified several clinical features
that correlated with HDAg expression in patients with SjD.
The intensity of HDAg expression in the affected MSG tissue
was found to be negatively correlated with the presence of
focal inflammation. This may be attributed to either a targeted
clearance of HDV in patients with elevated focal inflammation
or a limited role of HDV in the inflammatory component of
SjD. Due to the lack of detectible anti-HDV antibodies noted
prior (Weller et al. 2016), we hypothesize that the mechanisms
of HDV in SjD development may be independent or upstream
from the focal inflammation. This latter possibility is sup-
ported by the lack of detectable antibodies to HDAg in HDV-
positive SjD patients (Weller et al. 2016). It is also possible
that changes in HDAg expression during the development and
progression of SjD may contribute to the higher levels of
HDAg in younger SjD patients, as increased MSG inflamma-
tion has been noted in older SjD patients (Bouma et al. 2015).
However, it is not yet clear if the inflammation associated with
SjD is responsible for the decreased HDAg detection observed
in older patients with more inflammation.

HDAg colocalization with mitochondria has not previously
been reported. However, a previous study by Casaca et al.
(2011) found that HDAg interacts with multiple proteins that

originate in the mitochondria, including ND2, ND4, COX 1,
COX 1I, ATP8, and a mitochondrial-localized protein
(NDUFB?7), in a yeast 2-hybrid screening. This suggests that
HDAg may localize to the mitochondria in order to interact
with these proteins. Antimitochondrial antibodies (AMAs)
have been reported in a subset of SjD patients, occurring in
1.7% to 13% of SjD patients and most frequently in patients
with primary biliary cirrhosis (PBC) (Selmi et al. 2012;
Scofield et al. 2018). There have also been reports of an
increased prevalence of AMAs in PBC (Rizzetto 2020).
However, there is currently no evidence of a direct association
between the presence of AMAs and HDV. The potential impact
of HDAg colocalization with mitochondria on cellular respira-
tion requires further investigation.

Patients with elevated HDV antigen expression were found
to have an increased incidence of autoimmune thyroiditis and
hypothyroidism (Appendix Table 2). This is consistent with
previous research indicating a higher prevalence of autoim-
mune thyroid disease (AITD) in SjD patients (Jara et al. 2007;
Baldini et al. 2018). Caramaschi et al. (2013) found that SjD
patients with thyroid disease had a less severe clinical pheno-
type of SjD. Our findings of lower foci scores and autoanti-
body profiles in patients with elevated HDV antigen expression
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Figure 3. Hepatitis delta virus antigen (HDAg) intensity comparisons and clinical characteristics correlation analysis. (A) Pearson correlation

analysis between HDAg fluorescence intensity of minor salivary gland (MSG) biopsy samples and biopsy focus score, n = 48. (B) Welch’s t test
comparison between HDAg fluorescence intensity and focus score grouped by focus score 21 and <I, n = 48. (C) Pearson correlation between HDAg
fluorescence intensity of MSG biopsy samples and age, n = 48. Age groups of biopsied patients were then compared with (D) HDAg intensity and

(E) focus score, n = 48. Patients’ biopsies’ HDAg intensity was compared against (F) antinuclear antibody testing data (n = 15) and (G) anti-SSA
antibody (n = 12). (H) Patients with SSA-52 and SSA-60 and patients with either SSA-52 or SSA-60 were compared by HDAg intensity (n = 12).
Patients’ biopsies’ focus scores were compared against (l) antinuclear antibody testing data (n = 15) and (J) anti-SSA antibody (n = 12). (K) Patients
with SSA52 and SSA-60 and patients with either SSA-52 or SSA-60 were compared by focus score (n = 12). (L) Patients’ biopsies were grouped
according to antinuclear antibody (ANA) test status and plotted according to HDAg intensity and focus score. Statistics were performed in GraphPad
Prism, (A, C, L) Pearson correlation, (B, F-K) Welch’s t test, (D, E) one-way analysis of variance with multiple comparison test. Bar graph data are
shown as mean + SD; *P < 0.05.
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are in line with this observation. Lu et al. (2013) also reported
an increased risk of hypothyroidism in younger (20—44 y old)
SjD patients. A similar trend was observed in our analysis, with
higher HDAg intensity in younger age groups. It remains
unclear whether SjD and AITD share a common pathogenesis
and whether HDV plays a role. Forty percent of evaluated
patients had at least 1 additional autoimmune disease. While
this is in line with other studies noting 23% to 40% of SjD
patients reporting extraglandular diseases (Malladi et al. 2012;
Mariette and Criswell 2018), this high prevalence may be
attributed to the limited use of MSG biopsies in SjD diagnosis
and potential increased utilization of MSG biopsies during the
differential diagnosis process in patients with polyautoimmu-
nity. Further large-scale studies are needed to better understand
the relationship between HDV and SjD, as well as the potential
link to other autoimmune diseases and shared etiologies.

Multiple limitations must be considered in this study. First,
this retrospective study relied on physician-based diagnosis of
SjD, rather than a prospective study that relied on established
SjD classification criteria (Shiboski et al. 2017). Relying on
physician-based diagnoses may result in incomplete testing
and diagnoses across the study cohort. Second, the small size
of the study may have affected the strength of the associations
observed between the HDV profile and in situ and clinical fea-
tures. Larger prospective clinical studies are needed to estab-
lish associations between salivary gland-localized HDV and
the SjD phenotype. To support such large-scale evaluations of
HDV in the SjD patient population, it would be necessary to
increase MSG biopsy usage for SjD diagnosis and validate sys-
temic markers for the HDV*/HBV™ profile.

It is not clear how SjD patients are acquiring HDV in the
absence of detectable HBV coinfection. Traditionally, HDV is
thought to require HBV for packaging and transmission, but it
can replicate and persist in the absence of active HBV coinfec-
tion by using host cellular machinery (Chang et al. 2005). In
this retrospective study, as well as in a previous cohort study
(Weller et al. 2016), patients with detectable HDAg expression
in MSG did not have evidence of current or past HBV coinfec-
tion (Appendix Tables 3 and 4, Appendix Fig. 5). Multiple
studies have investigated the potential role of HBV as a trigger
for SjD and have found a similar or lower incidence of HBV in
SjD compared to the general population (Ram et al. 2008;
Marcos et al. 2009; Chen et al. 2012). A recent study detected
HDV in a small number of HBV/HCV™ patients (Chemin et al.
2021). However, none of the SjD patients in our current study
had evidence of current or past HCV infection as determined
by ICD for HCV diagnosis (Appendix Table 3). Further
research is needed to understand alternative mechanisms of
HDV localization to MSG tissue in the absence of a detectable
current or past HBV coinfection.

Our understanding of HDV is rapidly advancing. Recently,
HDV was classified as a member of the Kolmioviridae family
based on the discovery of >10 new HDV-like sequences iso-
lated from various animal species, in the absence of readily
detectable HBV or other Hepadnaviridae coinfections (Wille
et al. 2018; Chang et al. 2019; Hetzel et al. 2019; Iwamoto
et al. 2021). In addition, HDV has been shown to package into

non-HBV particles in vitro, including vesiculovirus, flavivirus,
hepacivirus, arenavirus, and orthohantavirus (Perez-Vargas
et al. 2019; Szirovicza et al. 2020). While there are only a
few reported cases of detected HDV without evident HBV
coinfections in humans (Weller et al. 2016; Chemin et al.
2021; Rodgers et al. 2022), these recent findings suggest that
HDV and HDV-like sequences may be able to package into
non-HBV particles and shift HDV tropism to nonhepatic
tissues.

In summary, further research is needed to fully understand
the role of HDV in SjD. It is currently unclear how HDV mech-
anistically contributes to the development of the SjD pheno-
type. Larger studies are necessary to determine how HDV is
localizing and persisting in SjD salivary gland tissue and how
SjD patients are acquiring the unique HDV*/HBV™ profile.
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