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Introduction
Hepatitis C virus (HCV) infection is the most common blood-
borne chronic infection in the United States, with an estimated 
prevalence of 2.4 million people in the United States and up to 
170 million globally (Hofmeister et al. 2019). Approximately 
15% to 25% of HCV-infected people clear the virus on their 
own, but most HCV infections are chronic with detectable viral 
load unless specifically treated (Thomas and Seeff 2005).

Multiple HCV extrahepatic manifestations (EHMs) have 
been reported in patients with chronic HCV infection, includ-
ing chronic lymphocytic sialadenitis and sicca syndrome indis-
tinguishable from primary Sjögren syndrome (SS) (Aceti et al. 
1992; Zignego and Craxi 2008). Xerostomia, the subjective 
impression of oral dryness, has been reported in 5% to 55% of 
HCV-infected individuals (Castro Ferreiro et al. 2002; Ramos-
Casals et al. 2003; Giordano et al. 2005; Grossmann Sde et al. 
2010; Nawito et al. 2011). Early studies posited an association 
between HCV infection and SS development (Haddad et al. 
1992) and showed that expression of the E1 and E2 HCV enve-
lope proteins elicits an exocrinopathy resembling SS in mice 
(Koike et al. 1997). In addition, SS-like focal lymphocytic 
infiltrates in the salivary glands (SGs) were observed in 

approximately 50% of HCV-infected patients but with less 
glandular tissue damage as compared to SS (Loustaud-Ratti  
et al. 2001; Carrozzo 2008). The SG lymphocytic infiltrate in 
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Abstract
Hepatitis C virus (HCV) infection is the most common blood-borne chronic infection in the United States. Chronic lymphocytic 
sialadenitis and sicca syndrome have been reported in chronic HCV infection. Up to 55% of these patients may have xerostomia; the 
mechanisms of the xerostomia and salivary gland (SG) hypofunction remain controversial. The objectives of this project are to establish 
if xerostomia associates with SG and HCV infection and to characterize the structural changes in SG and saliva composition. Eighteen 
HCV-infected patients with xerostomia were evaluated for SG dysfunction; 6 of these patients (patients 1–6) were further evaluated 
for SG histopathological changes and changes in saliva composition. The techniques used include clinical and laboratory assessment, SG 
ultrasonography, histological evaluation, sialochemical and proteomics analysis, and RNA in situ hybridization. All the HCV patients had 
low saliva flow, chronic sialadenitis, and SG fibrosis and lacked Sjögren syndrome (SS) characteristic autoantibodies. Further evaluation 
of a subgroup of 6 HCV patients (patients 1–6) demonstrated diffuse lymphocytic infiltrates that are predominantly CD8+ T cells with a 
significant increase in the number of inflammatory cells. Alcian Blue/periodic acid–Schiff staining showed significant changes in the ratio 
and intensity of the acinar secretory units of the HCV patients’ minor SG. The submandibular glands showed significant ultrasonographic 
abnormalities in the parenchyma relative to the parotid glands. Significant changes were also observed in the concentration of sodium 
and mucin 5b. Although no significant correlation was observed between the lymphocytic infiltrates and the years of HCV chronic 
infection, a positive correlation was observed between HCV RNA–positive epithelial cells and the years of HCV infection. Consistent 
with the low saliva flow and xerostomia, patients showed changes in several markers of SG acinar and ductal function. Changes in the 
composition of the saliva suggest that HCV infection can cause xerostomia by mechanisms distinct from SS.
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HCV-infected patients was generally diffuse and predomi-
nantly composed of CD8+ T cells, but studies have also reported 
a predominance of CD4+ T cells but to a lesser degree than in 
SS (Freni et al. 1995). HCV-infected individuals present a 
higher prevalence of liver involvement and cryoglobulinemia 
than SS patients, in addition to usually lacking characteristic 
primary SS antibodies (i.e., anti-SSA and anti-SSB) (Ramos-
Casals et al. 2005; Brito-Zerón et al. 2015), as well as high 
levels of autoantibodies, including antinuclear antigen (ANA), 
anticardiolipin antibodies (ACA-IgG/IgM), double-stranded 
DNA (dsDNA), and rheumatoid factor (RF) (Navarta et al. 
2018). The 2016 American–European Consensus Criteria for 
the classification of primary SS determined that evidence of 
HCV infection is an exclusion criterion for the classification of 
a patient as having SS (Shiboski et al. 2017). Mechanistically, 
it is suggested that HCV is directly involved in the pathogene-
sis of SG dysfunction, but the exact pathogenic mechanism 
driving the xerostomia has not been elucidated. In clinical 
practice, these similarities may generate confusion in the diag-
nosis and proper treatment of the patients. Therefore, investi-
gation of this patient population may be informative at both a 
clinical and a mechanistic level on the development, diagnosis, 
and treatment of SS.

Changes in the perception of oral dryness may be caused by 
viral infections of the SG that are associated with reduced 
saliva production, changes in the composition of saliva, glan-
dular swelling, and/or diffuse infiltrative lymphocytic syn-
drome (Jeffers and Webster-Cyriaque 2011). However, the 
molecular mechanisms of the associated xerostomia are not 
well understood and likely context dependent. In addition to 
HCV, other viruses are associated with SG pathology, includ-
ing hepatitis D virus, human immunodeficiency virus type 1, 
human T-cell leukemia virus type 1 (reviewed in Rahayuningtyas 
and Setiadhi 2019), and severe acute respiratory syndrome 
coronavirus 2 (Huang et al. 2021). HCV can directly infect SG 
epithelial cells (Arrieta et al. 2001; Grossmann Sde et al. 2010), 
and the xerostomia experienced by HCV patients may be the 
result of glandular tissue inflammation, destruction of the SG 
epithelium, and/or infection of the SG epithelium and resultant 
dysfunction of the secretory and water permeability pathways.

In this study, 18 HCV-infected patients were evaluated for 
xerostomia, and the clinical parameters and sialometry were 
assessed (Fig. 1A); further analyses were performed on 6 of the 
HCV patients and age-matched healthy volunteers (HVs). 
Consistent with the low saliva flow and xerostomia, patients 
showed changes in several markers of SG acinar and ductal 
function, as well as changes in the structure of the subman-
dibular salivary gland (SMG). These findings suggest a unique 
mechanism associated with the change in gland activity and 
will aid in the management of HCV-associated oral disease.

Materials and Methods
Materials and methods are reported in the supplemental section.

Results

Patient Characteristics and Clinical Parameters

The patient cohort consisted of 14 women and 4 men, with a 
median age of 59 ± 12 y (range, 43–81). All patients had active 
HCV infection and presented with xerostomia.

A summary of the patients (n = 18) is found in Appendix 
Table 1. Of the patients, 5 had RF, 4 had ANA, 4 had ACA-
IgG/IgM, 2 had dsDNA antibodies, 5 had cryoglobulins, 1 had 
SSA antibodies, and 2 had SSB antibodies. Six patients had 
low complement proteins C3 and C4, and 3 had elevated serum 
IgG levels (>1,445). On minor salivary gland biopsy, one-third 
of the patients (n = 6) had focal lymphocytic infiltrates with 
focus scores (FSs) ranging between 1 (n = 3) and 2 (n = 3). 
Hierarchical clustering analysis (HCA) (Fig. 1B), used to orga-
nize the patients in nested clusters based on similarities 
between clinical features, showed that most of the HCV 
patients evaluated lacked markers of autoimmune or systemic 
diseases, including those associated with SS (Fig. 1B; 
Appendix Table 1).

Hierarchical analysis showed 2 distinct clusters of patients 
demarcated by the glandular saliva (i.e., parotid [PG], subman-
dibular [SM], and sublingual [SL]) flow rates (Fig. 1B). Two of 
the HCV patients had severe salivary hypofunction, defined as 
whole unstimulated saliva flow (WUSF) less than 1.5 mL/15 min 
(Navazesh et al. 1992; Vitali et al. 1994). The median WUSF 
was 1.95 mL/15 min (range, 1.05–3.40). Most of the patients 
had low unstimulated PG (median flow of 0.09 mL/min) and 
SM/SL (median flow of 0.15 mL/min) saliva flow. Stimulation 
with citric acid increased the median flow from 0.17 to  
0.31 mL/min. The lack of severe hypofunction in general and 
responsiveness to citric acid stimulation suggest that saliva 
flow rate alone may not be sufficient to explain the HCV-
associated xerostomia.

A representative subgroup of 6 patients (patients 1–6) based 
on the measured glandular saliva flow rate (normal vs. low) 
and autoantibody status (positive or negative) was chosen for 
in-depth analysis (Appendix Table 1). These patients had a 
time interval between HCV infection and minor salivary gland 
biopsy (MSGB) of 10 to 50 y (Appendix Table 1). They also 
represented a wide range of HCV RNA serum concentration 
(i.e., 5.5 × 105 to 3.1 × 107 genome copies/mL) and HCV geno-
types (Appendix Table 1), and few had comorbidities (i.e., 
osteoarthritis and diabetes type 2). In addition, 4 patients had 
aqueous tear deficiency, as determined by a Schirmer’s test 
result of ≤5 mm wetting/5 min in at least 1 eye (Appendix 
Table 1). Neither the HCV genotype nor serum viral load cor-
related with the SG function.

HCV RNA Detection in SG by In Situ Hybridization

RNA in situ hybridization (ISH) was performed on MSGB tis-
sue sections (patients 1–6) to assess the presence of HCV 
genomes using RNAscope probe sets (Materials and Methods; 
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Fig. 2A–C). HCV RNA signal was observed in the epithelial 
cells of the acini (Fig. 2′A) and ducts (Fig. 2′B), as well as in 
the interlobular infiltrative cells (Fig. 2′C). HCV was detected 
in all the HCV MSGB but not in those of HV MSGB. The 

mean percentage of HCV-infected cells was 59% ± 
6.8% (range, 53%–71%) for acinar epithelial cells,  
31% ± 15.3% (range, 12%–54%) for ductal epithe-
lial cells, and 51% ± 10.7% (range, 35%–65%) for 
infiltrating inflammatory cells.

To understand the relationship between the 
length of infection and the number of positive cells 
in SG, viral loads were compared across the cell 
types infected with HCV. In HCV patients with 
sicca, there was a statistically significant positive 
correlation between the years of HCV infection 
and the percentage of acinar and ductal epithelial 
cells positive for HCV RNA ISH signals (R2 = 
0.76; P = 0.02; R2 = 0.91; P = 0.003, respectively), 
but there was no significant correlation between 
infiltrating inflammatory cells and years of HCV 
infection (R2 = 0.34; P = 0.23) (Fig. 2D). No cor-
relation was also found between the percentage of 
HCV-positive acinar cells, ductal cells, or infiltrat-
ing inflammatory cells and the serum levels of 
HCV RNA (R2 = 0.00; P = 0.96) or WUSF (R2 = 
0.00; P = 0.96). Furthermore, no statistically sig-
nificant correlation was found between the serum 
levels of HCV RNA and the WUSF (R2 = 0.46; P = 
0.14) or the years of HCV infection (R2 = –0.04; 
P = 0.69). These results confirmed the presence of 
HCV genome in both acinar and ductal epithelial 
cells and that the level of HCV detected in the SG 
correlates with years of infection and suggests 
evolving disease.

Glandular Histopathology

The glandular histopathology of HCV patients was 
compared relative to HVs (Fig. 3A, ′A). Two gen-
eral histopathologic patterns were present: nonspe-
cific chronic sialadenitis (FS = 0; n = 3) (Fig. 3B, 
′B) and mild chronic sialadenitis with focal lym-
phocytic sialadenitis (FLS) (FS = 1, n = 2; FS = 2, 
n = 1) (Appendix Table 1) (Daniels et al. 2011). 
The lymphocytic infiltrate was further evaluated 
with a basic immune panel stain (i.e., CD3, CD4, 
CD8, CD20, and CD45 cell markers) (Fig. 3C, D). 
The Masson’s trichrome (TRI)–stained HCV 
MSGB had significantly higher levels of fibrosis 
(relative interstitial fibrosis area [RIFA] = 0.22; P = 
0.0048) when compared with HV (RIFA = 0.06) 
(Fig. 3E); histologic analysis of the MSGB by 
Alcian Blue/periodic acid–Schiff (PAB) staining 
suggested a shift in the cellular composition of the 
MSG following HCV infection. Alcian Blue stain 

intensity, which stains for acidic mucins, was significantly 
reduced (P = 0.0110), and periodic acid–Schiff (PAS) stain 
intensity, which stains neutral mucins and glycogen, was sig-
nificantly increased relative to HVs (P = 0.001) (Fig. 3F). This 

Figure 1. Study design, clinical parameters, and sialometry. This study evaluated and 
enrolled 18 HCV–positive patients with complaints of xerostomia to understand the role 
that viruses play in the development of inflammation and dysfunction of the SG. Diagram 
depicts collection of blood, saliva fluids, and SG specimens from HVs and HCV patients 
for evaluation. Submandibular/sublingual saliva was used for sialometry and sialochemistry 
(i.e., sodium, potassium, and protein composition). Salivary gland ultrasonography was 
performed in the PG and SMG of study participants. Lower lip MSG biopsies were 
collected and fixed in formalin, and tissue sections were prepared from FFPE blocks for 
staining (i.e., H&E, TRI, PAB, IHC, RNA ISH) and histologically assessed (A). Hierarchical 
clustering analysis was used to identify groupings of patients who shared clinical features 
and chose representative patients of each group (patients with limited clinical data may 
not be shown in the diagram) (B). Two distinct clusters of patients were found among 
the HCV patients evaluated in this study (depicted in brown and pink), those with and 
without measurable glandular saliva flow. Patients 1, 2, and 5 represent patients from 
the group with measurable glandular saliva flow; patients 3, 4, and 6 represent patients 
from the group without measurable glandular saliva flow. Diagram made with Biorender. 
ACA, anticardiolipin antibodies; ANA, antinuclear antigen; FFPE, formalin fixed, paraffin 
embedded; FS, focus score; HCV, hepatitis C virus; HV, healthy volunteer; H&E, 
hematoxylin and eosin; IHC, immunohistochemistry; ISH, in situ hybridization; MSG, minor 
salivary gland; PAB, Alcian Blue/periodic acid–Schiff; PG, parotid gland; RF, rheumatoid 
factor; SG, salivary gland; SGUS, salivary gland ultrasonography; SLG, sublingual gland; 
SM, submandibular; SMG, submandibular gland; SS-A, Sjögren antibody A; SS-B, Sjögren 
antibody B; TRI, Masson’s trichrome; WUSF, whole unstimulated saliva flow.
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shift in staining indicates a greater abundance of 
serous- versus mucin-secreting cells, suggesting 
dedifferentiation or remodeling of glandular tissue 
following HCV infection.

Consistent with histopathological assessment, 
immunohistochemistry demonstrated a diffuse 
infiltrate in HCV patients’ MSGB with a signifi-
cant increase in the total number of infiltrating 
inflammatory cells (CD45+; P < 0.0001) (Fig. 3G). 
Although there were no significant differences in 
the number of CD3+ T cells, CD4+ T cells, and 
CD20+ B cells (Fig. 3G), a significant increase in 
CD8+ T cells was observed (P = 0.0297). The 
increase in CD8+ T cells is consistent with previ-
ous studies that showed large, sustained popula-
tions of persistent dysfunctional CD8+ T cells in 
the context of HCV infection (Gruener et al. 2001).

Glandular Imaging

To noninvasively assess the PG and SMG, Salivary 
gland ultrasonography (SGUS) was performed 
and scored using previously reported parameters 
(Theander and Mandl 2014; Jousse-Joulin et al. 
2017). Salivary gland ultrasonography revealed 
PG and SMG with normal homogeneity and echo-
genicity without hypoechoic lesions for 2 patients 
(patients 3 and 4). The other patients (patients 1, 2, 
5, and 6) presented consistent, generally mild 
changes in SMG, including hyperechoic bands, 
and abnormal echogenicity and homogeneity but 
with normal PG imaging. Representative SGUS 
images for the PG (Fig. 4A, B) and SMG (Fig.  
s4C, D) are shown for HV and HCV patients, 
respectively. A simplified SGUS scoring system 
(Theander and Mandl 2014) was used to assess 
parenchyma dyshomogeneity: normal (score 0) or 
unspecific (score 1) and abnormal (scores 2 and 3). 
The sum SGUS score of the HCV PG and SMG 
was not significantly different compared with 
HVs, but the sum SGUS score of the SMG of the 
HCV patients was significantly higher than that of 
the HCV PG (Fig. 4E). Scoring using the compre-
hensive scaled scoring system showed a similar 
trend (Jousse-Joulin et al. 2017) (Appendix Fig. 
2). These results suggest that HCV infection may 
preferentially affect the SMG.

Sialometry

The above data support reorganization and change 
in cellular composition of the SG of HCV patients. 
To assess if these changes resulted in a change in 
saliva flow, WUSF and glandular saliva flow were 

Figure 2. Lip salivary gland biopsy HCV–RNA in situ hybridization. RNA ISH was used 
to investigate the presence and tropism of HCV in the salivary glands. Representative 
images of HCV RNA detection by RNAscope assay in acinar epithelial cells (A), ductal 
epithelial cells (B), and interlobular inflammatory cells (C). The percentage of acinar 
(′A), ductal (′B), and inflammatory (′C) cells expressing 1 or more HCV RNA ISH dots 
was calculated from the regions demarcated with a dotted line. Correlation of HCV 
RNA ISH signal and years of chronic HCV infection (D) with a XY graph illustrating the 
association between percentage of salivary gland (SG) acinar epithelial cells (red;  
P < 0.05; r = 0.8706), ductal epithelial cells (green; P < 0.01; r = 0.9537), and infiltrative 
cells (blue; P > 0.05; r = 0.5791) staining positive for HCV genomic RNA and the years 
of HCV infection. Each dot represents an individual case, and the colored dotted 
line represents a linear regression of the data. This observation suggests that during 
the course of the chronic infection, the virus is not static and continues to spread, a 
correlation that, to our knowledge, has not been reported for chronic liver infection 
and the percentage of HCV RNA–positive hepatocytes. Our study did not find a direct 
correlation between HCV RNA–positive SG epithelial cells and SG hypofunction or 
sialadenitis, as well as no correlation between the serum levels of HCV RNA and the 
percentage of SG HCV RNA ISH–positive cells. The brightness and contrast were 
adjusted equally among all the images for clarity. Blue, DAPI stain; green, cytokeratin 
7 stain; red, AQP5 stain; white, HCV RNA; HCV, hepatitis C virus; ISH, in situ 
hybridization. Significance was set at P ≤ 0.05.
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compared in the subset of 6 patients. Three patients (patients 2, 
3, and 5) reported onset of dry mouth during the 5 y prior to the 
oral evaluation by our team, while the other 3 patients (patients 
1, 4, and 6) reported chronic symptoms of dry mouth. One 

patient (patient 4) had salivary hypofunc-
tion with WUSF of 1.05 mL/15 min; 2 
patients (patients 1 and 2) had borderline 
salivary hypofunction with WUSF of 1.56 
and 1.52 mL/15 min, respectively; and the 
other 3 patients had no salivary hypofunc-
tion (patients 3, 5, and 6) with a median 
WUSF of 2.68 mL/15 min (range, 1.95–
3.40) (Appendix Table 1). Only 3 patients 
(patients 1, 2, and 5) had any measurable 
citric acid–stimulated saliva flow in either 
PG with a median flow of 0.45 mL/min/
gland (range, 0.09–0.21). Unstimulated 
SM/SL saliva flow was measurable in 3 
patients (patients 1, 2, and 5) with a median 
flow of 0.16 mL/min (range, 0.11–0.21) 
and stimulated flow with citric acid in 4 
patients (patients 1, 2, 3, and 5) with a 
median flow of 0.40 (range, 0.30–0.49) 
(Appendix Table 1). Most of the patients 
had increased SM/SL saliva flow after stim-
ulation; thus, we probed if the composition 
of saliva was altered.

Sialochemistry

The above histologic and echoic changes in 
the structure of the gland and lack of defined 
salivary hypofunction suggest that a change 
in salivary composition may be associated 
with the xerostomia. Sialochemical analy-
sis was performed on unstimulated and 
stimulated SM/SL saliva of HVs and HCV 
patients (patients 1–6). Although potassium 
(K+) was slightly decreased in the SM/SL 
saliva in the HCV patients, it was not statis-
tically significant (Fig. 5A). In contrast, a 
significant increase in Na+ concentration 
was observed in the stimulated SM/SL 
saliva of the HCV group compared with the 
HV group (P = 0.0096) (Fig. 5B). These 
results suggest altered ductal function in the 
reabsorption of Na+.

The protein and mucin content of the 
unstimulated and stimulated saliva of HVs 
and HCV patients was assessed using pro-
teomics analysis (Appendix Fig. 3A, B). 
Mucin 5b and mucin 7 were reduced in all 
saliva samples in the HCV group (Fig. 5C, 
D). Significant reductions in the concentra-
tion of mucin 5b was observed in the stimu-

lated SM/SL saliva of the HCV patients (P = 0.0005) (Fig. 5C). 
These results support our observations of glandular acini dedif-
ferentiation or remodeling to less mucinous saliva and possible 
loss of mucous cells.

Figure 3. Glandular histopathology. Histological comparison of representative MSGB for each 
of the staining (A, B) and a basic immune panel (C, D) from HV and patients with HCV-induced 
xerostomia with mild chronic sialadenitis are shown, respectively. A 20× magnified region of the 
H&E-, TRI-, and PAB-stained tissue sections is shown for the HV (′A) and HCV (′B) patient, 
respectively. Increased interlobular fibrosis as highlighted by TRI staining (blue) relative to the 
HV is evident. All HCV patients presented a significant increase in RIFA compared to HV (E). 
Acinar atrophy and disorganization are evident in the HCV group, as highlighted by H&E and PAB 
staining (B, ′B). Increased glycoprotein expression as highlighted by PAS staining (dark purple) 
relative to the HV is evident. The HCV-induced xerostomia patients’ biopsies have a significant 
decrease in mucinous acini and a significant increase in serous acini as highlighted by PAB staining 
(F) and demonstrate a diffuse lymphocytic infiltration composed mainly of CD8+ T cells and a large 
population of histiocytes (D, G). H&E, hematoxylin and eosin; HCV, hepatitis C virus; HV, healthy 
volunteer; MSGB, minor salivary gland biopsy; PAB, Alcian Blue/PAS; PAS, periodic acid-Schiff; RIFA, 
relative interstitial fibrosis area; TRI, Masson’s trichrome. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001.
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Discussion

Hepatitis C virus chronic infection is frequently 
associated with several EHMs that include rheuma-
tologic autoimmune and inflammatory manifesta-
tions, as well as complex oral complications (Aceti 
et al. 1992; Zignego and Craxi 2008). Chronic 
HCV infection may be treatable, but the long-term 
effects on EHM are not clear; to better assess if 
HCV was causal of the oral complications or the 
result of secondary changes in the immune system, 
we studied the oral complications in a group of 
patients with chronic HCV infection.

A portion of the HCV-positive patients evalu-
ated in this study had clinical and histopathologi-
cal features similar to SS and lacked markers of 
autoimmune disease unrelated to chronic HCV 
infection. While we did have some patients with 
ANA (22%), the prevalence of ANA in HCV 
patients is 20% to 35% and is 6% to 14% in the 
general population (Khairy et al. 2013; Li et al. 
2019). Patients with HCV chronic infection have 
high levels of circulating autoantibodies and can 
be found in 53% of the HCV-positive patients. 
These autoantibodies may also develop as a conse-
quence of aging and extensive liver fibrosis. About 
one-third of the 18 HCV patients evaluated in this 
study, including the subgroup of 6 HCV patients, 
were positive for 1 or more of these autoantibodies 
and RF. However, none of our subjects had autoan-
tibodies characteristic of SS (Fig. 1B).

The normal flow of unstimulated whole saliva is 
0.3 to 0.5 mL/min; thus, a flow above 0.3 mL/min is consid-
ered normal and a flow <0.1 mL/min is considered clinical SG 
hypofunction and may result in xerostomia (Sreebny and 
Valdini 1987; Speight et al. 1992). All 18 patients evaluated in 
this study presented with subjective complaint of dry mouth, 
but most of the patients had WUSF above 0.1 mL/min and over 
half had an increase in PG and SM/SL saliva flow after citric 
acid stimulation (Fig. 1B; Appendix Table 1). Thus, over half 
of the measurable stimulated glandular saliva was within the 
normal range, suggesting that other parameters than saliva 
flow, such as lubricity or buffering capacity of the saliva, may 
be important in the sensation of oral wetness. In addition to SG 
involvement, 4 of the 6 patients in the subgroup had lacrimal 
secretion deficiencies as shown by the Schirmer’s test 
(Appendix Table 1), an observation similar to SS-associated 
sicca. The mechanism of lacrimal gland dysfunction and HCV 
tropism to these glands remains unknown.

Histopathological evaluation of MSGB of patients 1 to 6 
showed mild SG atrophy (Fig. 3B, ′B), increased levels of 
fibrosis (Fig. 3E), and diffuse lymphocytic infiltrate mainly 
composed of CD8+ T cells (Fig. 3G) as compared to HVs with 
the occasional foci of inflammation. The composition of the 
lymphocytic infiltrate is highly suggestive of a chronic antivi-
ral immune response. It was noted that the atrophy, fibrosis, 

and pattern of inflammation were predominantly diffuse 
throughout the glandular tissues and did not correlate with the 
patient’s age or years of chronic HCV infection. Histochemical 
evaluation showed changes in the expression and distribution 
of acinar secretory units with decreased levels of mucinous 
acini (Fig. 3F; Appendix Fig. 4). These observations associate 
with decreased levels of mucin 5b (Fig. 5C). Loss of the 
mucous-producing cells in the MSG, if applied to other glands 
with similar types of cells (e.g., the SMG), might suggest a 
change in the types and amount of mucins being secreted. 
These changes may explain the discordant yet consistent find-
ing of reports of dry mouth but without objective salivary 
gland dysfunction by WUSF.

Salivary gland ductal epithelia play an important role in the 
composition of salivary secretions by secreting and reabsorb-
ing ions as the saliva is transported into the oral cavity 
(Pedersen et al. 2018). Sialochemical analysis showed that the 
concentration of Na+, which is extensively reabsorbed by the 
ductal cells, was significantly increased in the stimulated saliva 
of HCV patients compared to HVs (Fig. 5B). Given the lower 
saliva flow rate in the HCV group and the higher concentration 
of Na+, it suggests the ductal epithelial cells have reduced 
capacity to reabsorb Na+ compared to HVs. Increased concen-
tration of Na+, unaltered levels of K+, and lower flow rates of 

Figure 4. Salivary gland ultrasonography. Ultrasonography images of a PG of HV (A) 
and HCV (B) and of a SMG of HV (C) and HCV (D) are shown. Normal or abnormal 
parenchyma of the SG was evaluated from the entire image, including visibility of the 
PG posterior border. A simplified SGUS scoring system was used to assess parenchyma 
dyshomogeneity (Theander and Mandl 2014). The mean difference of the sum SMG 
and PG US score is shown (E). The HCV group SMG had a significantly higher SGUS 
score as compared to the HCV PG; the HV’s SMG showed a slightly higher SGUS 
score relative to the HV PG. Significance was set at P ≤ 0.05. HCV, hepatitis C virus; 
HV, healthy volunteer; SG, salivary gland; SGUS, salivary gland ultrasonography; SMG, 
submandibular gland; PG, parotid gland; US, ultrasonography. *P ≤ 0.05.
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saliva have also been reported in SS patients (Kalk et al. 2001) 
and are indicative of ductal epithelial dysregulation. The mech-
anism of K+ transport differs from the active ductal transport of 
Na+. Although the periductal lymphocytic infiltrate may affect 
the electrolyte transport function of the ductal epithelia, the 
level of infiltrate did not correlate with the change in saliva 
composition.

Saliva is rich in proteins, including mucins, statherins, 
histatins, proline-rich proteins, and amylases (Appendix Fig. 
3). Mass spectroscopy analysis showed that the concentration 
of mucins was decreased in the stimulated saliva of the HCV 
patients relative to the HVs. A link between low levels of 
mucin 5b in the SMG and xerostomia has been reported in 
radiation-induced xerostomia patients (Dijkema et al. 2012), as 
well as altered sulfation of mucin 5b in SS patients rather than 

low levels of the mucin 5b (Alliende et al. 2008). 
Our findings support a possible mechanism for the 
xerostomia in HCV patients as a result of decreased 
mucins produced by the SMG.

The changes in the saliva composition described 
in this study suggest a novel mechanism distinct 
from SS that may explain the xerostomia in the 
HCV patients; furthermore, it supports a role for 
virus infection in salivary gland dysfunction. Our 
results show that while HCV sicca closely pheno-
types SS, not all HCV-infected patients have auto-
immune epithelitis. It is more likely that the 
inflammation is driven by the presence of HCV 
RNA in the glands, as evidenced by increased num-
bers of CD8+ T cells, a hypothesis we are currently 
testing. Further large-scale studies will be needed to 
support the findings of this study and better under-
stand the molecular mechanism associated with 
HCV infection and xerostomia. Newer generations 
of direct-acting antiviral (DAA) therapy for chronic 
HCV infection are effective in eliminating the virus 
in most people treated with over 95% of virological 
response (Baumert et al. 2019). Thus, evaluating 
HCV-infected patients after HCV DAA treatment 
would be informative to determine if the HCV-
associated SG disturbances resolve and the percep-
tion of oral dryness improves.
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