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Treatment with a Lactococcus lactis 
that chromosomally express E. coli 
cfaI mitigates salivary flow loss in 
a Sjögren’s syndrome‑like disease
Ali Akgul 1, Christian Furlan Freguia 2, Massimo Maddaloni 1, Carol Hoffman 1, 
Alexandria Voigt 1, Cuong Q. Nguyen 1, Neil A. Fanger 3, Gary R. Fanger 2 & David W. Pascual 1*

Sjögren’s Syndrome (SjS) results in loss of salivary and lacrimal gland excretion due to an autoimmune 
attack on these secretory glands. Conventional SjS treatments address the symptoms, but not the 
cause of disease. Recognizing this deficit of treatments to reverse SjS disease, studies were pursued 
using the fimbriae from enterotoxigenic E. coli, colonization factor antigen I (CFA/I), which has anti-
inflammatory properties. To determine if CFA/I fimbriae could attenuate SjS-like disease in C57BL/6.
NOD-Aec1Aec2 (SjS) females, the Lactococcus lactis (LL) 301 strain was developed to chromosomally 
express the cfaI operon. Western blot analysis confirmed CFA/I protein expression, and this was 
tested in SjS females at different stages of disease. Repeated dosing with LL 301 proved effective in 
mitigating salivary flow loss and in reducing anti-nuclear antibodies (ANA) and inflammation in the 
submandibular glands (SMGs) in SjS females and in restoring salivary flow in diseased mice. LL 301 
treatment reduced proinflammatory cytokine production with concomitant increases in TGF-β+ CD25+ 
CD4+ T cells. Moreover, LL 301 treatment reduced draining lymph and SMG follicular T helper (Tfh) 
cell levels and proinflammatory cytokines, IFN-γ, IL-6, IL-17, and IL-21. Such evidence points to the 
therapeutic capacity of CFA/I protein to suppress SjS disease and to have restorative properties in 
combating autoimmune disease.

Sjögren’s Syndrome (SjS) is a chronic, progressive autoimmune disease characterized by inflammatory cell infiltra-
tion of the salivary and lacrimal glands, resulting in acinar epithelial cell atrophy, cell death, and loss of exocrine 
function (reviewed in1–3). The disease incidence is estimated to be 0.1–3% of the general population4–6 occurring 
primarily in postmenopausal women4,5,7. SjS is a debilitating disease affecting as many as 3.1 million individuals 
in the US1–3,5,6 with women being nine times more likely to be afflicted than men2,4,5,7. The etiology of SjS remains 
unclear. The C57BL/6.NOD-Aec1Aec2 mouse model was derived based on the observation of SjS-like disease in 
diabetic NOD mice8–11. The responsible genes associated with SjS, but free from those responsible for diabetes, 
were inserted into B6 mice to recapitulate SjS10. This model has the advantage of exhibiting many of the salivary 
gland pathology observed with human SjS patients, and increased production of anti-nuclear antibodies (ANAs). 
Hence, studies with various mouse models, including the C57BL/6.NOD-Aec1Aec2 mouse, are beginning to 
define both the innate and adaptive immune responses during development and onset of SjS-like disease8–10.

The development of therapeutics for SjS poses significant challenges, in part because of the heterogeneity of 
clinical disease. Few studies have addressed the critical issue of identifying interventions to stop or reverse the 
destructive autoimmune process. Currently, no therapeutics address the cause of SjS, but instead treatments 
consist of replacement therapies such as artificial saliva and eye lubricants or immunosuppressive agents12,13. B 
cell-directed therapies, e.g., Rituximab (anti-CD20 mAb), have yielded promising, but conflicting results14–18, 
and are unable to alleviate patients’ dryness and fatigue19,20. CTLA-4 protein (Abatacept) showed some reduc-
tion in gland pathology21, and enhancement of salivary flow in a limited number of SjS patients22. Abatacept 
was recently shown to reduce serum IL-21 and follicular T helper (Tfh) cells in SjS patients23,24, and to reduce 
SjS symptoms25,26.

Originally conceived as a diarrheal vaccine for humans27–30, colonization factor antigen I (CFA/I) from entero-
toxigenic E. coli (ETEC) was found by our lab to be potently effective in suppressing experimental models 
for multiple sclerosis31–33, arthritis34–37, and type 1 diabetes38,39. In fact, purified CFA/I fimbriae, given orally 
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or nasally, can effectively attenuate inflammation36. The cfa1 operon has been successfully engineered into a 
Lactococcus lactis strain, and referred to as L. lactis-CFA/I (LL-CFA/I). By retaining its inhibitory activity, oral 
administration of LL-CFA/I protects against arthritis37. Of note, our results show that LL-CFA/I can attenuate 
genetically induced SjS via the stimulation/reactivation of diverse regulatory T cells (Tregs) producing TGF-β 
and IL-1040. Moreover, LL-CFA/I was found to be therapeutic for ongoing SjS.

The use of L. lactis for delivery of biologics and CFA/I protein has several advantages: (1) oral dosing of 
targeted biological immunotherapy which traditionally require infusion or frequent injections; (2) controllable 
dosing as L. lactis does not colonize the human gastrointestinal tract41,42, and our own studies in mice confirm 
its transient presence in tissues for < 48 h; and (3) pharmacodynamically optimized delivery of constitutively 
expressed CFA/I protein for engagement of microbiome-associated immune regulatory pathway. The fact that L. 
lactis does not colonize the gut41,43 is ideal for an immunotherapeutic as it enables a ‘tunable’ therapeutic strat-
egy wherein identification of key mechanism-driving biomarkers, as discussed herein in the context of CFA/I 
protein, become critical for effective and efficient clinical development. Importantly, L. lactis, in the context of 
synthetic biology approaches to deliver CFA/I, allows for utilization of precision targeting methods, not capable 
using natural commensal strain strategies.

To advance clinical translation, an L. lactis line was generated to chromosomally express cfaI (referred to as LL 
301), and LL 301 showed equivalent efficacy to LL-CFA/I, the precursor L. lactis line that expresses CFA/I from 
an episomal plasmid. Chromosomal insertion of the cfa/I operon increases stability of the line, as propagation 
no longer requires antibiotic selection, and relieves concerns regarding episomal transfer in vivo. When testing 
LL 301 in the genetic model for SjS using C57BL/6.NOD-Aec1Aec2 mice, our results show that prophylactic 
treatments proved effective in salivary flow mitigation, and therapeutic interventions restored salivary flow. Such 
changes from the diseased state were accomplished via the stimulation of Tregs and suppression of effector T 
(Teff) cells including Tfh cells.

Results
Oral intervention with LL 301 retains salivary flow in SjS mice
LL 301 was generated to have a Lactococcus lactis strain expressing CFA/I protein without reliance upon episomal 
expression as in L. lactis-CFA/I (LL-CFA/I). A ΔthyA L. lactis was produced by double homologous recombina-
tion via insertion of the cfaI operon replacing the thymidylate synthase (thyA) gene. Production levels of the 
major subunit, CfaB, by LL 301 was confirmed as evidenced by Western blot analysis (Fig. 1A).

In evaluating LL 301’s efficacy relevant to LL-CFA/I to mitigate salivary flow loss in C57BL/6.NOD-Aec1Aec2 
(SjS) mice, baseline individual saliva flow rate (SFR) for all groups of 6 week (wk)-old females were obtained. 
Treatments of SjS mice were initiated at 10 weeks of age dosing at 3-week intervals for a total of six doses with PBS 
or one of three doses of LL 301: 5 × 107 (low), 5 × 108 (medium), or 5 × 109 (high) CFUs (Fig. 1B, C). As a positive 
control, one group of mice was given 5 × 107 CFUs of LL-CFA/I. SFR measurements were conducted at 28 weeks 
of age, three weeks after the last dose (Fig. 1D, E). Both the high dose LL 301 and LL-CFA/I proved significantly 
effective in retaining salivary flow relative to PBS-dosed mice (Fig. 1E). Treatments with the medium dose of LL 
301 also proved effective in reducing the frequency of mice exhibiting ANA titers (Fig. 1F).

LL 301 treatment reduces proinflammatory cytokine production with a concomitant increase 
in anti‑inflammatory cytokines
The mitigation of SFR loss would be expected to result from inflammatory cell arrest. The study was terminated 
at week 29, and the levels of IFN-γ- and IL-17-producing CD4+ T cells in the spleen were measured. The high 
dose LL 301 and LL-CFA/I effectively reduced the percentage of IFN-γ+ CD4+ T cells (Fig. 2A). Changes in IL-17+ 
CD4+ T cells were observed only for the LL 301 medium dose (Fig. 2B); however, increases in IL-10+ CD4+ T 
cells were obtained with the LL 301 medium dose and with LL-CFA/I (Fig. 2C). The percentage of TGF-β+ CD4+ 
T cells also increased in SjS mice treated with LL 301 high dose and LL-CFA/I (Fig. 2D).

Additional cytokine analysis was performed on anti-CD3 plus anti-CD28 mAb treatments to measure if 
head and neck lymph nodes (HNLNs), mesenteric LNs (MLNs) and splenic T cells exhibit anti-inflammatory 
cytokine capacity. All of the HNLN and MLN treatment groups showed significant reduction in IFN-γ produc-
tion compared to PBS-dosed SjS mice (Fig. 2E). The LL 301 medium dose treatment group showed significant 
reduction of IFN-γ production (Fig. 2E). IL-17 was significantly reduced by all LL 301 treatment doses by HNLN 
lymphocytes and by splenic lymphocytes from the LL-CFA/I-treated mice (Fig. 2F). IL-6 production was also 
significantly reduced by HNLN lymphocytes from SjS mice treated with the LL 301 low and high doses, and 
LL-CFA/I-treated mice showed significant reduction in IL-6 from the HNLN, MLN, and splenic lymphocytes 
(Fig. 2G). IL-10 production remained relatively unchanged among the three lymphoid tissues except for the 
HNLN lymphocytes from the LL 301 high dose and LL-CFA/I groups showed a significant reduction (Fig. 2H).

Salivary flow is mitigated by LL 301 treatments and not with WT LL
Given the positive outcome of the previous findings using LL 301, the study was repeated using a medium (5 × 108 
CFUs) and high (5 × 109 CFUs) doses of LL 301 compared to groups of SjS females treated with WT LL (5 × 108 
CFUs) and PBS vehicle (Fig. 3A). Treatments were initiated at 5 weeks of age and additional doses administered 
at 3 week intervals until 17 weeks of age (Fig. 3B). SFRs were measured for individual mice, and showed that both 
doses of LL 301 were effective mitigating salivary flow in contrast to WT LL or PBS-vehicle treated SjS females 
(Fig. 3C). No significant differences in SFR were observed between PBS- and WT LL-treated SjS females. H&E 
staining was performed on paraffin-embedded submandibular glands (SMGs) from individual mice of each treat-
ment group (Fig. 3D), and foci area and number of foci were quantified (Fig. 3E, F). The medium LL 301 dose 
showed ~ 50% reduction in foci area compared to vehicle- or WT LL-treated SjS mice (Fig. 3E). Both doses of 
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LL 301 proved effective in reducing the number of foci in the SMGs, and the LL 301 high dose also significantly 
lessened the number of SMG foci relative to WT LL-treated mice (Fig. 3F).

Additional analysis was conducted to determine if LL 301 was capable of eliciting regulatory T cells (Tregs). 
No significant differences in splenic Foxp3+ CD4+ T cells or Foxp3+ CD25+ CD4+ T cells were observed relative to 
vehicle-treated mice (Fig. 4A, B); however, the LL 301 medium dose effectively enhanced Foxp3+ CD25+ CD4+ T 
cells relative to WT LL-treated SjS females (Fig. 4B). The CD25+ CD4+ T cells were further analyzed for expression 
of TGF-β, and the LL 301 medium dose showed significantly increased percentages of splenic TGF-β+ CD25+ 
CD4+ T cells relative to PBS- or WT LL-treated SjS females (Fig. 4C, D). Neither dose of LL 301 impacted the 
frequency of IL-17+ CD4+ T cells (Fig. 4E) or IL-17 production from restimulated splenic lymphocytes (Fig. 4G). 
In contrast, the high dose of LL 301 reduced the percentage of splenic IFN-γ+ CD4+ T cells (Fig. 4F) and reduced 
IFN-γ production from restimulated splenic lymphocytes compared to vehicle- or WT LL-treated mice (Fig. 4H).

Oral treatment with LL 301 is therapeutic in restoring salivary flow, and reducing inflamma‑
tory cytokine production.
To discern LL 301’s therapeutic potential (Fig. 5A), groups of SjS females were measured for their SFRs at 16 
weeks of age, and then the mice were equally distributed among the three treatment groups (Fig. 5B). At 18 and 
22 weeks of age, mice were treated with PBS, 3 × 109 CFUs WT LL, or 3 × 109 CFUs LL 301, and SFRs measured 
again at 24 weeks of age (Fig. 5A). After just two doses of LL 301, SjS females showed a significant increase in 
their SFRs, but not those treated with PBS nor WT LL (Fig. 5C). Although there were no significant differences in 
the number of foci in their SMGs relative to PBS-treated mice (Fig. 5D), the foci area was significantly increased 
in WT LL-treated mice (Fig. 5E). Upon termination of the mice at 24 weeks of age, splenic lymphocytes were 
examined for the presence of Tregs, but no differences in Foxp3+ CD4+ T cells nor Foxp3+ CD25+ CD4+ T cells 
were found (Fig. 5F, G). However, treatment with LL 301 and WT LL did show significant reductions in the 
percentage of IL-17+ CD4+ and IFN-γ+ CD4+ T cells (Fig. 5H, I). Total lymphocytes from the HNLNs, MLNs, 
and spleen were restimulated, and collected supernatants measured for IL-17 and IFN-γ production. Significant 
reductions in HNLN and MLN IL-17 were observed by LL 301- and WT LL-treated groups (Fig. 5J, K). HNLN 

Figure 1.   Oral treatments with Lactococcus lactis strain 301 (LL 301) protect against the development of SjS. 
(A) LL 301 with the E. coli cfaI operon incorporated into its chromosome produces CFA/I protein similar to that 
generated by episomally produced by the LL-CFA/I strain. A Western blot was performed on whole bacterial 
extracts from LL 301 electrophoresed in SDS polyacrylamide gel, and compared to bacterial extracts from 
LL-CFA/I and wild-type (WT) LL. The CfaB subunit was detected with a rabbit anti-CFA/I fimbriae (produced 
in-house) and migrated with similar molecular weight (MW) as purified CFA/I fimbriae. The amount produced 
by 109 bacteria is estimated from densiometric scan of purified CFA/I fimbriae. The original Western blot is 
presented in Supplemental Fig. 1. (B) The doses and (C) treatment regimen of C57BL/6.NOD-Aec1Aec2 (SjS) 
mice used in this study is provided. Individual salivary flow rate (SFR) were measured prior to treatment at 
10 weeks of age and after completion of treatments at 25 weeks of age. Groups of 10-week-old SjS (8–9 mice/
group) females were orally dosed with 5 × 107 (low dose) 5 × 108 (medium dose), or 5 × 109 CFUs (high dose) of 
LL 301, 5 × 107 LL-CFA/I, or phosphate-buffered saline (PBS). Additional doses were administered to the mice 
every 3 weeks. SFR measurements (D) relative to 6 weeks of age and (E) relative to PBS-treated mice are shown; 
***P < 0.001, **P < 0.01, *P < 0.05 versus 6 week or PBS-treated groups; ns = not significant. (F) The percentage of 
animals being serum anti-nuclear antibody (ANA) positive was determined for PBS- and LL 301-treated mice; 
**P < 0.02 versus the indicated group.
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IFN-γ production was also significantly reduced by the LL 301- and WT LL-treated groups (Fig. 5M). Splenic 
IL-17 and IFN-γ levels remained unchanged.

Treatment with LL 301 suppresses Tfh cells in SjS mice
Tfh cells aid B cells by supporting the formation of germinal centers for maturation of antibody responses, and 
patients with primary SjS exhibit increased circulating Tfh cells44. Given this finding, analyses were conducted 
to ascertain LL 301’s capacity to inhibit Tfh cells in SjS females. Groups of 6 week-old females were orally dosed 
with PBS or 5 × 109 CFUs LL 301, and additional doses were administered at 3-week intervals. Upon termination 
of the study at 31 weeks of age, Tfh cell analyses were performed. HNLN lymphocytes were gated on TCRβ+ CD4+ 
T cells and stained for Tfh cells (Fig. 6A, B). Significant reductions in CXCR5+ PD-1+ CD4+ T cells were observed 
for those SjS females treated with LL 301 relative PBS-treated mice (Fig. 6A–C). Since Tfh cells produce IL-21, 
analysis of the IL-21+ CD4+ T cells revealed their percentages were also significantly reduced in the HNLNs from 
LL 301-treated SjS females (Fig. 6D). The diminished Tfh cell response subsequent LL 301 treatment is consist-
ent with the observed significant increase in TGF-β+ CD4+ T cells compared to PBS controls (Fig. 6E). HNLN 
lymphocytes were subsequently stimulated in vitro with anti-CD3 plus anti-CD28 mAbs, and collected culture 
supernatants from LL 301-treated SjS females showed significantly reduced levels of IFN-γ, IL-6, IL-17, IL-21, 
and GM-CSF relative to those T cells from PBS controls (Fig. 6F–J). IL-10 levels were significantly increased in 
for HNLN lymphocytes from LL 301-treated SjS mice (Fig. 6K).

SMGs from LL 301- and PBS-treated SjS females were also evaluated for the presence of Tfh cells and 
Tregs. SMG lymphocytes were gated on TCRβ+ CD4+ T cells and stained for Tfh cells expressing CXCR5 and 
BCL-6 (Fig. 7A, B). The percentages of CXCR5+ CD4+ and BCL6+ CD4+ T cells were significantly less in the LL 
301-treated group compared to PBS-dosed mice (Fig. 7A–D). Likewise, the CXCR5+ BCL6+ CD4+ T cells were 
also significantly reduced in SMGs from LL 301-treated mice (Fig. 7E). LL 301 treatment positively impacted 
Treg presence noted by the increased percentage of Foxp3+ CD4+ T cells in the SMGs relative to those from PBS-
treated mice (Fig. 7F). SMG lymphocytes from LL 301-treated SjS females that were restimulated with anti-CD3 
plus anti-CD28 mAbs showed a reduction in proinflammatory IL-6 production relative to those lymphocytes 
from PBS control mice (Fig. 7G).

Discussion
SjS remains problematic with no current therapies addressing the deficits in regulatory cells to defend against 
autoimmune attack. The development of oral therapeutics that stimulate Tregs and other regulatory cells to treat 
autoimmune diseases has the potential to reverse disease. Past studies using CFA/I fimbriae as an oral therapeutic 

Figure 2.   Oral treatments with LL 301 reduce inflammatory cells and augments anti-inflammatory CD4+ T 
cells. The percentages of splenic (A) IFN-γ+, (B) IL-17+, (C) IL-10+, and (D) TGF-β+ CD4+ T cells are depicted 
from the same mice in Fig. 1. (E–H) Purified lymphocytes from the head and neck lymph nodes (HNLNs), 
mesenteric LNs (MLNs), and spleens from each treatment group were stimulated with anti-CD3 and anti-CD28 
mAbs for 4 days for cytokine ELISA. Individual culture supernatants were analyzed by cytokine-specific ELISAs 
for production of (E) IFN-γ, (F) IL-17, (G) IL-6, and (H) IL-10. Depicted are the means ± SEM; ****P < 0.001, 
***P < 0.001, **P < 0.01, *P < 0.05 versus PBS-dosed mice.
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have demonstrated the capabilities of such protein to limit inflammatory T cells in a number of autoimmune 
disease settings31–40. Hence, the development of LL 301 enabling CFA/I protein expression from the Lactococcus 
chromosome averts episomal loss, and represents a cell line that can be tested in humans. The advantage of using 
L. lactis as a delivery vehicle is because of its generally regarded as safe (GRAS) status41,and has already been 
approved for use in foods45,46 and treating diseases45–51. Another advantage of lactococcal expression is that it 
avoids the tedious process of isolating and purifying intact CFA/I fimbriae. Moreover, bacterial delivery is more 
potent and efficient requiring less CFA/I protein to suppress autoimmune disease36,37.

The production of CFA/I protein by the LL 301 strain is similar to that of LL-CFA/I. As a result, LL 301 should 
be as effective as LL-CFA/I, which has previously been shown to protect against collagen-induced arthritis37 
and SjS40. Thus, a comparison study was performed in young SjS females, and showed that LL 301 mitigated 
salivary flow loss as with LL-CFA/I over the course of 18 weeks. Treatment with the medium dose of LL 301 also 
lessened the development of ANA responses consistent with previous observations subsequent treatment with 
LL-CFA/I40. LL 301 proved effective in reducing the frequency of proinflammatory IFN-γ+ and IL-17+ CD4+ T 
cells with concomitant increases in anti-inflammatory IL-10+ and TGF-β+ CD4+ T cells. Reductions in Th1 and 
Th17 cytokines were primarily observed in the HNLNs, which directly drains the salivary glands. IL-10 pro-
duction was also reduced in the HNLNs, which may have been attributed to lesser proinflammatory cytokines 
being induced during the polyclonal stimulation of T cells. Further study was pursued to ascertain the influ-
ence of LL 301 upon earlier phase of SjS development until 18 weeks of age. Using 3-week intervals beginning 
at 5 weeks of age, SjS females showed saliva flow mitigation when treated with either 5 × 108 or 5 × 109 CFUs of 
LL 301 unlike PBS- and WT LL-treated females noted by their significant reductions in saliva flow. Histologi-
cal examination of the SMGs further confirmed that LL 301 could reduce the number of foci and foci area of 
inflammation. Thus, mitigation of the saliva flow was attributed to lessened disease pathology. As with LL-CFA/
I40, LL 301 showed Treg augmentation, particularly by Foxp3+ CD25+ CD4+ T cells relative to WT LL-treated 
SjS females. Further inquiry revealed that the CD25+ CD4+ T cells contain a subset of TGF-β+ T cells that also 

Figure 3.   Oral treatments with LL 301 protect against the development of SjS retaining SFR and reducing 
gland inflammation. The (A) doses and (B) treatment regimen used to treat SjS mice in this study are provided. 
Individual baseline SFR was obtained prior to treatment onset and upon termination of the study at 18 weeks 
of age. Groups of 5-week-old SjS (6–8 mice/group) females were orally dosed with 5 × 108 (medium dose; MD) 
or 5 × 109 CFUs (high dose; HD) of LL 301, 5 × 108 CFUs of wild-type (WT) LL, or PBS. Additional doses were 
administered to the mice every 3 weeks for a total of 5 doses. (C) SFR measurements relative to PBS-treated 
mice are shown; ***P < 0.001, *P < 0.05, one-way ANOVA followed by Dunnett’s multiple comparisons test 
was performed. (D) At 19 weeks of age, submandibular glands (SMGs) were formalin fixed and stained with 
hematoxylin and eosin to determine extent of inflammatory cell infiltration. Representative images of stained 
tissues at × 20 magnification. Infiltrated regions were drawn for area determinations and calculated by using the 
Aperio ImageScope software. Focus score of infiltrates were determined by using (E) average focus size in area 
and (F) the number of foci in 4 mm2; **P < 0.01, *P < 0.05 versus PBS- or WT LL-treated mice are shown. One-
way ANOVA followed by Dunnett’s multiple comparisons test was performed.
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contain anti-inflammatory activity. The capacity to induce or convert Tregs in SjS may be critical. SjS patients 
have been shown to exhibit deficits in Tregs in their labial salivary glands52,53 and peripheral blood52–54. Human 
Tregs from SjS patient were also found to be unresponsive to IL-2 stimulation due to reduced phosphorylation 
of STAT555, but were able to reduce IL-17+ CD4+ T cells56.

Foxp3 expression varied with times of detection subsequent treatment with LL 301. Our evidence also showed 
that Tregs did not always express Foxp3, although increases in TGF-β+ Foxp3- CD4+ T cells were detected. Such 
evidence of Treg variability has also been previously seen upon Salmonella-CFA/I treatment of mice induced 
with arthritis, whereas both IL-10+ Foxp3+ CD39+ CD4+ T cells and TGF-β+ Foxp3- CD39+ CD4+ T cells were 
co-induced, and were also found to be interconvertible35. Adoptive transfer of Foxp3GFP+ CD39+ CD4+ T cells 
showed a reduction in Foxp3GFP+ and IL-10 expression, and vice versa, adoptive transfer of Foxp3GFP- CD39+ 
CD4+ T cells showed conversion into IL-10+ Foxp3GFP+ CD39+ CD4+ T cells35. Importantly, both Treg subsets 
were needed to adoptively transfer protection. Such interconversion of Tregs demonstrate these cells are dynamic 
and vary in their expression of Foxp3 as others have also shown57,58. Few experimental studies have examined 
Tregs in SjS animal models. Low-dose IL-2 proved effective in stimulating Foxp3+ CD25+ CD4+ T cells to lessen 
salivary flow loss in NOD mice59,60.

An important finding from the current studies is that LL 301 can intervene with ongoing SjS. Two doses of 
LL 301 proved sufficient in restoring salivary flow. Although it was less able to impact SMG pathology due to the 
damage already caused by disease, LL 301 did prove effective in reducing proinflammatory IFN-γ+ and IL-17+ 
CD4+ T cells despite no significant change in Foxp3+ CD25+ CD4+ T cells. However, these data show that LL 

Figure 4.   LL 301 treatments enhances TGF-β+ regulatory T cells (Tregs). The same mice from Fig. 3 were 
analyzed for Tregs in the spleen by flow cytometry. One week after SFR measurements, splenic lymphocytes 
from individual mice from each treatment group were measured for percentage of (A) Foxp3+ CD4+ and (B) 
Foxp3+ CD25+ CD4+ T cells. (C) The CD25+ CD4+ T cells were further analyzed for TGF-β expression and (D) 
percentages. LL 301 treatment (E) did not significantly reduce the percentage of IL-17+ CD4+ T cells, but (F) 
did reduce the percentage of IFN-γ+ CD4+ T cells; **P < 0.01, *P < 0.05 relative to the indicated treatment group. 
(G,H) Treatment with LL 301 suppresses IFN-γ production. Splenic lymphocytes from each treatment group 
were stimulated with anti-CD3 and anti-CD28 mAbs for 4 days, and culture supernatants measured for the 
production of (G) IL-17 and (H) IFN-γ by cytokine-specific ELISAs. Depicted are the means ± SEM; *P < 0.05 
versus PBS-dosed mice or indicated treatment group.
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301’s impact is immediate since only two doses were used. This discovery has significant clinical implications 
since diagnosis of SjS often comes long after the disease is well-established, and having a therapeutic available to 
interrupt further pathological changes is encouraging. Additional study will be needed to assess whether long-
term treatments can prevent further tissue damage.

Tfh cells have also been implicated in contributing to SjS disease exacerbation in their role to expand auto-
immune B cells in salivary glands23,24,61,62. Normally found associated with B cell follicles, Tfh cells are believed 
to aid B cells in their expansion and differentiation into plasma cells and memory B cells63,64. IL-2 impacts both 
Tregs and conventional CD4+ T cells, but can suppress Tfh cell differentiation63,64. In contrast, IL-6 reduces the 
expression of IL-2Rβ to facilitate Tfh cell expansion65. The presented data demonstrates that LL 301 increases 
Treg presence in lymphoid tissues and in the SMGs. The increased Tregs had a noted effect in reducing the Tfh 
cells in both the HNLNs and in the SMG. LL 301 also reduced the percentage of IL-21-producing CD4+ T cells, 
a cytokine associated with Tfh cells63,64. The production of IL-21 by HNLN T cells was also notably reduced. The 
reduced Tfh cell presence associated with reduced IL-6 production by both the HNLNs and SMG lymphocytes 
is indicative that LL 301 is exerting a regulatory effect upon these inflammatory cells. Furthermore, the observed 
Tfh phenotypes in the SjS mice appeared heterogeneous as others have ascertained63,64. In the HNLNs, these were 
found to be CXCR5+ PD-1+ CD4+ T cells, but their expression of PD-1 by SMG Tfh cells appeared unchanged 
with or without LL 301 treatment, and primarily were CXCR5+ Bcl-6+ CD4+ T cells. Bcl-6 is a transcription 
factor, and its activity is essential for Tfh cell differentiation, maintenance, and function63. As such, Bcl-6, was 
markedly expressed by SMG Tfh cells from diseased SjS females, and, LL 301 treatment reduced this population.

In summary, LL 301 proved effective in reducing inflammatory cell infiltration into the SMGs via the stimula-
tion of Tregs and their action by the production of TGF-β and IL-10. Importantly, LL 301 can act therapeutically 
by reducing inflammatory cell infiltration into the SMGs and restore salivary flow. This study reveals the presence 
of Tfh cells in diseased C57BL/6.NOD-Aec1Aec2 mice, and oral LL 301 treatments markedly reduced Tfh cells 
in both the HNLNs and SMGs. Such findings further demonstrate that orally administered CFA/I protein can 
intervene to reduce inflammatory diseases. Moreover, our findings support strategies for a robust pharmacody-
namic and biomarker assessment plan to speed future clinical development endeavors.

Figure 5.   Oral treatments with LL 301 restore salivary flow in diseased SjS mice. (A) Groups of 16 week-old 
SjS females (8/group) were orally treated with PBS, 5 × 109 CFUs WT LL, or 5 × 109 CFUs LL 301, and a second 
dose administered 4 weeks later. SFR measurements were taken (B) prior and (C) after second treatment; 
***P < 0.001, *P < 0.05 versus the indicated group. Study was terminated 24 weeks of age, and SMGs were 
formalin fixed and stained with hematoxylin and eosin to determine extent of inflammatory cell infiltration. 
Images of stained tissues at × 20 magnification were examined for infiltrated regions using the Aperio 
ImageScope software as described in Fig. 3. Focus score of infiltrates were determined by using (D) the number 
of foci and (E) focus size in area; *P < 0.05 versus WT LL-treated mice are shown. One-way ANOVA followed 
by Dunnett’s multiple comparisons test was performed. Splenic lymphocytes were analyzed for percentages of 
(F) Foxp3+ CD4+ and (G) Foxp3+ CD25+ CD4+ T cells, and for the percentages of (H) IL-17+ and (I) IFN-γ+ 
CD4+ T cells; *P < 0.05 relative to PBS- or WT LL-dosed mice are shown. (J,M) Purified HNLN, (K,N) MLN, 
and (L,O) splenic lymphocytes from PBS-, WT LL-, and LL 301-treated mice were stimulated with anti-CD3 
and anti-CD28 mAbs for 4 days. Culture supernatants were analyzed for production of (J–L) IL-17 and (M–O) 
IFN-γ by cytokine-specific ELISAs. Depicted are the means ± SEM; ****P < 0.0001, **P < 0.01, *P < 0.05 versus 
the indicated group.
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Methods
Generation of Lactococcus lactis 301 strain and culture conditions
The CFA/I expression cassette was integrated in L. lactis genome using standard double homologous recombina-
tion methods66,67. The cfa/I expression operon was synthesized (Blue Heron Biotech, Bothell, WA), and cloned 
into the pRISE1.2 plasmid (Rise Therapeutics, MD), which contains a temperature-sensitive origin of replication. 

Figure 6.   Long-term oral treatment with LL 301 reduces the number of follicular Th (Tfh) cells in the HNLNs 
and proinflammatory cytokines with concomitant increases in anti-inflammatory cytokines. Groups of 6-week-
old SjS (7–8 mice/group) females were orally dosed with 5 × 109 CFUs (high dose) of LL 301 or PBS following a 
regimen similar to the one described in Fig. 1 with additional doses administered every 3 weeks. The study was 
terminated at 31 weeks of age (one week after the last dose), and HNLNs were examined levels of (A-C) Tfh cells 
by flow cytometry analysis. Flow cytometry plots representative of HNLN Tfh cells are shown for (A) PBS- and 
(B) LL 301-treated mice. The percent (C) CXCR5+ PD-1+ and (D) IL-21+ CD4+ T cells are depicted. (E) Flow 
cytometry analysis was also done for the detection of the percentage of TGF-β+ CD4+ T cells. (F–K) Purified 
HNLN lymphocytes from PBS- and LL 301-treated females were stimulated with anti-CD3 and anti-CD28 
mAbs for 4 days, and culture supernatants were analyzed by cytokine-specific ELISAs. Treatment with LL 301 
suppressed production of proinflammatory cytokines (F) IFN-γ, (G) IL-6, (H) IL-17, (I) IL-21, and (J) GM-CSF. 
(K) LL 301 treatment enhanced IL-10 production. Depicted are the means ± SEM; **P < 0.01 and *P < 0.05 versus 
PBS-dosed mice.

Figure 7.   Long-term oral treatment with LL 301 reduces the number of Tfh cells in the SMGs and 
proinflammatory cytokines. SMGs were isolated from the same mice used in Fig. 6. Upon study termination at 
31 weeks of age (one week after the last dose), SMGs were examined levels of (A–E) Tfh cells by flow cytometry 
analysis. Flow cytometry plots representative of SMG Tfh cells are shown for (A) PBS- and (B) LL 301-treated 
mice. The percentage of SMG (C) CXCR5+, (D) BCL-6+, and (E) CXCR5+ BCL-6+ CD4+ T cells are shown. (F) 
Flow cytometry analysis was also done for the detection of the percentage of Foxp3+ CD4+ T cells. (G) Purified 
SMG lymphocytes from PBS- and LL 301-treated females were stimulated with anti-CD3 and anti-CD28 mAbs 
for 4 days, and culture supernatants were analyzed for IL-6 production by cytokine-specific ELISA. Depicted are 
the means ± SEM; **P < 0.01 and *P < 0.05 versus PBS-dosed mice.
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After transformation into L. lactis, cells were initially grown at 30 °C, and then the temperature was shifted to 
37 °C to select for integrant cells. The integration occurred at the thymidylate synthase (thyA) locus, hence 
replacing thyA from the L. lactis chromosome. The purpose of targeting and deleting the thyA gene is to allow 
for containment; that is, the CFA/I expressing L. lactis will not propagate without thymidine supplementation68. 
Stability of the integration event was confirmed by growing the selected clones under non-selective conditions in 
M17 media supplemented with 20 µg/ml thymidine for 100 generations. WT L. lactis (LL) was used as a negative 
control in treating SjS mice. Western blot analysis was performed to confirm expression of CFA/I protein. Puri-
fied recombinant CFA/I fimbriae was obtained as previously described36, and detected using a rabbit anti-CFA/1 
fimbriae antibody (produced in-house). The rabbit anti-CFA/I fimbriae antibody was detected with horseradish 
peroxidase conjugated goat anti-rabbit IgG (H + L) (Jackson ImmunoResearch, West Grove, PA).

The generation of L. lactis-CFA/I was described previously37. Briefly, starter small cultures were grown over-
night 30 °C, and next day large culture induced with 0.5 µg/mL nisin (Sigma-Aldrich, St. Louis, MO). Four hours 
after induction, LL-CFA/I was gently washed twice with sterile PBS prior to oral gavage.

Mice and oral gavage
Using a genetic model for SjS10, C57BL/6.NOD-Aec1Aec (SjS) female mice were bred and used for these studies. 
All mice were housed under specific pathogen-free conditions, and provided with food and water ad libitum. 
Prior to oral administration of lactococcal strains, SjS mice were pretreated orally with sterile 10% sodium 
bicarbonate solution to neutralize stomach acid. After 10 min, mice proceeded to receive oral gavage with sterile 
PBS or the indicated doses (5 × 107 to 5 × 109 CFUs) of WT LL, LL 301, or LL-CFA/I. All of the studies involv-
ing animals adhered to the recommendations in the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health; were carried out in accordance with relevant guidelines and regulations for ethical 
and humane treatment of animals; and approved by the University of Florida Institutional Animal Care and Use 
Committee. The presented study is reported in accordance with ARRIVE guidelines.

Measurement of salivary flow rate (SFR)
Individual mice were weighed and given an intraperitoneal (IP) injection of 100 μl of a mixture containing iso-
proterenol (Sigma-Aldrich) (0.2 mg/1 ml of PBS) and pilocarpine hydrochloride (Sigma-Aldrich) (0.05 mg/1 ml 
in PBS). To measure stimulated flow rates, saliva was collected for 10 min from the oral cavity of each mouse 
using a micropipette as previously described40. To calculate SFRs, the volume of each saliva sample was measured.

Histology
To assess the degree of inflammation of salivary glands, tissues were fixed in 10% phosphate-buffered formalin 
(Leica Biosystems, Richmond, IL) for 24 h, and then these were embedded in paraffin and sectioned at 50–100 μm 
deep at a thickness of 5 μm. Paraffin-embedded sections were deparaffinized by immersing in xylene, followed 
by dehydration in ethanol, and tissue sections were stained with hematoxylin and eosin (H&E) dye (UF College 
of Veterinary Medicine Histology Tech Services, Gainesville, FL). To measure the extent of leukocyte infiltra-
tion into the salivary glands, a single histological section per gland per mouse was scanned using an Aperio 
ScanScope (Aperio, San Diego, CA) slide digitizer at 20× magnification as previously described40. Sections con-
taining leukocyte-infiltrated regions were identified and calculated using the Aperio ImageScope software. The 
extent of the infiltrate varied between 1 and in 4 mm2, and samples from each mouse for each treatment group 
were calculated.

Serum antinuclear antibody (ANA) determinations
To measure the presence of ANA levels, individual serum from mice treated with PBS or LL 301 was exam-
ined using the HEp-2 ANA kit (Inova Diagnostics, Inc., San Diego, CA, USA) by following manufacturer’s 
instructions14–16,69. Serum samples, each diluted 1:40, were incubated on HEp-2-fixed substrate slides for one hr 
at room temperature in a humidified chamber. After three 5-min washes with PBS, the slides were treated with 
a 1:100 dilution of Alexa 488 goat anti-mouse IgG (H + L) (Life Technologies) for 45 min at room temperature. 
After three washes, Vectashield DAPI mounting medium (Vector Laboratories, Burlingame, CA, USA) was 
applied, and overlaid with a glass coverslip. Fluorescence was detected by fluorescence Nikon microscopy at 
400× magnification, and all images were obtained with exposure of 200 ms.

Lymphocyte cell culture
Head and neck lymph node (HNLNs), mesenteric LNs (MLNs), and spleens were aseptically removed, and single 
cell suspensions were prepared as previously described70. Briefly, tissues were homogenized using a single sterile, 
stainless steel bead (McMaster-Carr, Elmhurst, IL) in sterile 2.0 ml locking microfuge tube (Qiagen) shaken in 
a Tissue Lyser (QIAGEN), then filtered through 80 μm nylon mesh (Component Supply Company, Sparta TN), 
and washed for 5 min at 4 °C in incomplete media (ICM): RPMI 1640 with L-glutamine (Genesee Scientific, El 
Cajon, CA); 10 mM HEPES buffer (Caisson Labs); and 10 mM penicillin/streptomycin (Caisson Labs). Splenic 
red blood cells were lysed using 5 ml of ammonium-chloride-potassium (ACK) buffer (0.15 M NH4Cl, 10 mM 
KHCO3, 0.1 mM Na2EDTA) for 5 min. Lymphocytes were cultured in a complete medium (CM): ICM plus 10% 
fetal bovine serum (Atlanta Biologicals, Oakwood, Georgia) and supplemented with 1 mM sodium pyruvate, 
and 0.1 mM nonessential amino acids (Invitrogen, Carlsbad, CA. For restimulation assays, lymphocytes were 
cultured in triplicate using 106 cells/well for 2–4 days at 37 °C in 96-well, round-bottomed tissue culture plates 
(Millipore, Billerica, MA) coated with 5 µg/ml anti-CD3 mAb (clone 17A2; Invitrogen, Carlsbad, CA, USA) plus 
2.5 µg/ml of soluble anti-CD28 mAb (clone 37.51; Invitrogen). Cell culture supernatants were collected and then 
stored at −20 °C until assayed by cytokine-specific ELISAs.
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Flow cytometry
For flow cytometry analysis, restimulated lymphocytes were treated with 5 µg/mL brefeldin A (Biovision, San 
Francisco, CA, USA) for 3–4 h to block cytokine release. Splenic and LN lymphocytes were subjected to a viabil-
ity stain using a LIVE/DEAD Fixable Blue Dead Cell Stain Kit, for UV excitation (ThermoFisher). Cells were 
then washed with Dulbecco’s PBS (Gibco, ThermoFisher) plus 10% fetal bovine serum (Atlanta Biologicals), 
and labeled with mAbs specific for TCR-β, CD4, CD8α, CD19, CD25, CXCR5 (clone L138D7), PD-1 (clone 
29F.1A12), TGF-β (BioLegend, San Diego, CA), and CD39 (eBioscience, San Diego, CA). The mAb clones were 
the same as those previously described39 unless indicated. Cells were then fixed and permeabilized using the 
True-Nuclear Transcription Factor Buffer Set (BioLegend) and labeled with mAbs specific for IFN-γ (clone 
XMG1.2), IL-10 (clone JES5-16F3), IL-17 (clone TC11-18H10.1), Bcl-6 (clone 7D1; BioLegend); IL-6 (clone 
MP5-20F3; BD Pharmingen, San Jose, CA); IL-21 (clone mhalx21), GM-CSF (clone MP1-22E9), and Foxp3 
(clone FJK-16a; eBioscience). Fluorescence was acquired on a Fortessa flow cytometer (Becton Dickinson Frank-
lin Lakes, NJ), using FACSDiva software (Becton Dickinson). All samples were analyzed using FlowJo software 
(BD Biosciences, Ashland, OR).

Cytokine ELISA
At termination of the studies, harvested HNLN, MLN, and splenic lymphocytes were restimulated and cultured 
as described above. Cytokine capture ELISAs were used to quantify levels of IFN-γ, GM-CSF, IL-6, IL-10, IL-17, 
and TGF-β present in culture supernatants. Identical mAb pairs and methods were used as previously described40. 
For IL-21, a goat anti-mouse IL-21 and biotinylated goat anti-mouse IL-21 (R&D Systems) were used. A horse-
radish peroxidase conjugated goat anti-biotin Ab (Vector Laboratories) was used for the tertiary Ab. The color 
reaction was developed using and ABTS peroxidase substrate (Moss, Inc., Pasadena, ME), and absorbances 
were measured using an Epoch Microplate Spectrophotometer (BioTek Instruments, Winooski, VT). Cytokine 
concentrations were extrapolated from standard curves generated by recombinant murine cytokines IFN-γ and 
IL-21 (Peprotech, Cranbury, NJ), IL-6 (BD Pharmingen), IL-10, IL-17, GM-CSF (eBioscience, San Diego, CA), 
and TGF-β (R&D Systems, Minneapolis, MN, USA).

Statistics
A power analysis was conducted, and found that 5 mice per group were needed to show a significant difference 
for at least a 20% change in SFR. All presented data are the mean ± standard error of the mean (SEM). Statistical 
significance was tested using GraphPad Prism 8 (Prism, Irvine, CA). One-way ANOVA with Tukey’s multiple 
comparisons test were used to compare FACS data, cell counts, cytokine production, and salivary flow rates. All 
results are discerned to the 95% confidence interval.

Data availability
The original contributions presented in the study are included in the article. Further inquiries can be directed 
to the corresponding author.
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