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ABSTRACT

Lyme disease caused by the Borrelia burgdorferi (Bb or B. burgdorferi) is a most common
vector-borne, multi-systemic disease in USA. Although, most Lyme disease patients can be
cured with a course of antibiotic treatment, a significant percent of patient population fail to be
disease-free post-treatment, necessitating the development of more effective therapeutics. We
previously found several drugs including disulfiram having with good activity against B.
burgdorferi. In current study, we evaluated the potential of repurposing the FDA approved
disulfiram drug for its borreliacidal activity. Our in vitro results indicate disulfiram shows
excellent borreliacidal activity against both the log and stationary phase B. burgdorferi.
Subsequent mice studies have determined that the disulfiram eliminated B. burgdorferi
completely from hearts and urinary bladder by day 28 post infection, demonstrating the practical
application and efficacy of disulfiram against B. burgdorferi in vivo. Moreover, disulfiram
treated mice showed reduced expression of inflammatory markers and protected against
histopathology and organ damage. Furthermore, disulfiram treated mice showed significantly
lower amounts of total antibody titers (IgM and 1gG) at day 21 and total IgG2b at day 28 post
infection. Mechanistically, cellular analysis of lymph nodes revealed a decrease in percentage of
CD19+ B cells and increase in total percentage of CD3+ T cells, CD3+ CD4+ T helpers, and
naive and effector memory cells in disulfiram-treated mice. Together, we demonstrate that
disulfiram has the potential and could be repurposed as an effective antibiotic for treating Lyme

disease in near future.
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I ntroduction

Lyme disease, a Zoonosis, is the most common reportable vector-borne disease in the United
States and affects ~300,000 persons annually in North America’, spread by the spirochete
Borrelia burgdorferi sensu stricto (hereafter termed B. burgdorferi or Bb). The clinical
manifestations of Lyme disease includes three phases®. Early infection consists of localized
erythema migrans, followed within days or weeks by dissemination to the nervous system, heart,
or joints in particular and subsequently resulting in persistent infections. Without antibiotics
treatment, 60% of patients with Lyme disease in the United States develop arthritis, which may
recur at intervals and last for months or years. Fewer patients (4 to 10%) suffer carditis, which is
generally an early and nonrecurring manifestation of infection®. Antibiotic treatment usually with
oral doxycycline, at the early localized stage of Lyme disease cures the disease in most patients®.
However, 10 to 20 % of patients continue to experience major lingering symptoms, such as
fatigue, musculoskeletal pain, and cognitive complaints, a condition known as post treatment
Lyme disease syndrome (PTLDS). Several studies indicate that disseminated infection is not
eradicated by conventional antibiotics such as tetracycline, doxycycline, amoxicillin or

8 dogs®’, ponies’® and in non-human

ceftriaxone in animal models tested like mice®”
primates.*? Several reports also showed that several antibiotics daptomycin and cefoperazone
in combination with doxycycline or amoxicillin effectively eliminated B. burgdorferi

persisters™>**, However, these antibiotic combination failed to act against B. burgdorferi biofilm

forms'®. Despite these findings, the PTLDS mechanisms are unclear and the plausible
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explanations for symptoms in animal models could be B. burgdorferi adapting multiple immune

evasion mechanisms like alteration of highly immunogenic surface antigens*>*°, inhibition of

complement-mediated bacterial lysis*"*®

that may render antibody response ineffective, there by
supporting ongoing PTLDS. Therefore, based on these observations new mechanistic classes of
antibiotics need to be developed to treat infections raising from these resistant forms of B.
burgdorferi.

One approach to expedite the development of new antibiotics is to repurpose preexisting drugs
that have been approved for the treatment of other medical conditions. Previously, we screened
drugs (80% of them FDA approved, with a total of 4366 chemical compounds from four
different libraries) with high activity against the log and stationary phase of B. burgdorferi by
BacTiter-Glo™ Assay. Among them, disulfiram (Antabuse™), an oral prescription drug for the
treatment of alcohol abuse since 1949, was found to have the highest anti-persister activity
against B. burgdorferi *°. In addition, disulfiram and its metabolites are potent inhibitors of
mitochondrial and cytosolic aldehyde dehydrogenases (ALDH)?. Recent U.S. clinical trials
using repurposed disulfiram treatments include: methamphetamine dependence (NCT00731133);
cocaine addiction (NCT00395850); melanoma (NCT00256230); muscle atrophy in pancreatic
cancer (NCT02671890); HIV infection (NCT01286259) modulator of amyloid precursor protein
processing (NCT03212599) and also recently initiated for previously treated Lyme disease
(NCT03891667)*. In the area of infectious disease, disulfiram has been shown have

1?22 and anti-parasitic** properties. Recently in a clinical setting, disulfiram appears

antibacteria
to have conferred benefit in the treatment of a limited number of patients with Lyme disease and
babesiosis®. Disulfiram is an electrophile that readily forms disulfides with thiol-bearing

substances. B. burgdorferi possess a diverse range of intracellular cofactors (e.g., coenzyme A
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reductase)®®, metabolites (e.g., glutathione), and enzymes (e.g., thioredoxin)®’" containing
thiophilic residues that disulfiram can potentially modify by thiol-disulfide exchange to evoke
antimicrobial effects. Therefore, disulfiram has potential to inhibit B. burgdorferi metabolism by
forming mixed disulfides with metal ions?® and it has been shown by our group previously that
B. burgdorferi require zinc and manganese as co-factors for key biological processes?.

In the present study, we evaluated the antibacterial activities of disulfiram against log and
stationary phases of B. burgdorferi in more detail. Furthermore, bactericidal activity of
disulfiram in vivo was determined using the C3H/HeN mouse model of Lyme disease at early

onset of chronic infection i.e. day 14 and day 21 post B. burgdorferi infection.
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119

120

121  Results

122  Disulfiram asa potential antibiotic on log and stationary forms of B. burgdorferi B31

123 While our initial screen of disulfiram from four drug libraries is based on Bac titer-Glo assay'’,
124 we performed our preliminary disulfiram study of varying concentrations ranging from (100 uM
125 10 0.625 uM) by Bac titer-Glo assay (Supplementary Figure 1A and 2A), which can only predict
126  the cell viability based on quantitation of ATP present, but it cannot discriminate the inhibitory
127  or bactericidal effects of the disulfiram. Further, we have performed the MICs/MBCs by gold
128  standard micro dilution assay using the morphological evaluation methods like dark field direct
129  cell counting and SYBR Green I/P1 (Live/Dead) fluorescence microscopy counting in 48-well
130 plate format (Figures 1 and 2). Here, in this study we evaluated disulfiram (dissolved in both
131 DMSO and 30% hydroxypropyl B-cyclodextrin (from now on cyclodextrin) and doxycycline in-
132  vitro sensitivity of spirochete and round body morphological forms, of B. burgdorferi B31
133  incubated for 4-5 days with different concentrations of drugs. Appropriate concentrations of
134  cyclodextrin, DMSO and ultra-pure water in BSK medium were used as negative controls.

135  OQurinvitro studies indicate that treatment with different concentrations ranging from 20 uM, 10
136 uM, 5 uM, 2.5 uM, 1.25 uM and 0.625 pM of disulfiram in DMSO and disulfiram in
137  cyclodextrin drugs significantly eliminated log phase spirochetes ~ 80-94% and stationary phase
138  persisters ~ 80-92% compared to the controls (Figures 1 and 2). More specifically, treatment
139  with 5 uM (1.48 pg/ml) concentration of disulfiram in DMSO and disulfiram in cyclodextrin
140  drugs significantly eliminated log phase spirochetes ~ 94% and treatment with 5 uM (1.48

141 pg/ml) concentration of disulfiram in DMSO and disulfiram in cyclodextrin drugs significantly
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142  eliminated stationary phase spirochetes ~ 92% and ~ 90% respectively (Figure 2A and 2B). In
143  our study also, as reported earlier*® doxycycline was significantly able to reduce the viability of
144  log phase B. burgdorferi by ~90-97% compared to the control (Fig. 1A and 1B). However,
145  doxycycline treatment had no significant effect on the cells in the stationary phase cultures as
146  observed by increasing proportion of viable cells after antibiotic exposure compared to the
147  control (Figure 2B and 2C). However, at high concentration (ranging from 50 uM-100 uM) lose
148  efficacy and shows reduced bactericidal activity with increase in concentration of disulfiram
149  drug in DMSO or cyclodextrin. These results are specific since treatment with ultra-pure water
150  or cyclodextrin or DMSO in BSK medium did not significantly reduce the viability of the
151  spirochete rich log phase culture and persisters rich stationary cultures compared to the control
152  observed in both direct dark field and SYBR Green-1 /PI based fluorescent microscopy counting
153  respectively (Fig. 1A and 2A).

154 To validate our preliminary results, B. burgdorferi B31 log and stationary forms were further
155  evaluated in vitro for disulfiram in DMSO and disulfiram in cyclodextrin drugs sensitivity by a
156  fluorescent microscopy counting using SYBR Green-I (live cells stain green) and Propidium
157  lodide (dead cells stain red). Consistently, the 5um (1.48 pg/ml) concentration of disulfiram in
158 DMSO and disulfiram in cyclodextrin drugs significantly reduced log phase spirochetes by ~ 94
159 %, but in the remaining 6 % of the population, ~ 4 % were stained green for live while ~ 2 %
160  were stained red for dead (Figure 2B). While doxycycline significantly reduced the log phase
161  viability by ~ 97%, it did not reduce the stationary phase viability of B. burgdorferi (Figure 2B).
162  However, most interestingly treatment with 5 um (1.48 pg/ml) concentration of disulfiram in
163 DMSO and disulfiram in cyclodextrin drugs significantly eliminated stationary phase spirochetes

164  ~ 92 % and ~ 90 % respectively but in the remaining 8 % and 10 %, ~ 6 % and 8 % were live
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165 while ~ 2 % were dead (Figure 2B). These results agreed with the dark field microscopy
166  counting.

167 At low concentrations (ranging from 10 uM- 0.625 uM), the disulfiram in DMSO and disulfiram
168 in cyclodextrin drugs concentration response profile is sigmoid. In contrast, at higher
169  concentrations (ranging from 25 pM- 100 uM), the disulfiram drugs lose efficacy, exhibiting the
170  U-shaped or bell curve observed in the Figures 1 and 2. We attribute this loss in activity to the
171  drugs being in colloidal form. This was further analyzed by the Dynamic light scattering (DLS)
172  and Atomic force microscopy based techniques.

173  Disulfiram forming aggregates at high concentration was shown by DL S study and AFM
174  based imaging

175 Dynamic light scattering (DLS) technique was used to study the aggregation of disulfiram.
176  Supplemental figure 1 indicates a variation in the average count rate of the particles with
177  increasing concentrations of disulfiram prepared from DMSO and CD stock solutions. The
178  samples from DMSO preparation showed a linear increase in the average count rate with respect
179  to the concentration. However, the slope of the increase changed above 10 uM indicating a
180 critical aggregation concentration (CAC). The results from the CD preparation showed a non-
181 linear trend with a break at 10 pM consistent with the CAC results from DMSO preparation.

182  Atomic force microscopy-based techniques helped us to further evaluate the small volume (10
183 uL) of liquid sample aliquots and fast drying of the highly spread droplets on hydrophilic
184  substrates allow to assess the real disulfiram particle dimensions with minimal contribution of
185 secondary sample aggregation due to local increase in its concentration due to drying. In
186  supplemental figure 2 observed that very few aggregates were formed for DMSO samples for all

187  concentrations (supplemental figure 2; E-H). The smaller particles are less than 1 nm in height.
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188  For cyclodextran particles, we can see larger particles that are quite wide, but also quite flat —
189  only 10 nm high, on average. These are likely particles formed due to sample drying. However,
190  for smaller particles, a crossover can be seen from 25 to 10 pM (supplemental figure 2; A-D). In
191  the former sample, we can still observe them (white arrows), but not in the latter, which is only
192 2.5 times less concentrated. Thus, this can be proof of sample aggregation, which starts to be
193  substantial only above 20 uM, as evident from our DLS data.

194  Disulfiram treatment reduces the B. burgdorferi burden in tissues following dissemination
195 ininfected C3H/HeN mice

196  Following-up on the potent killing in vitro activity of disulfiram against B. burgdorferi, we
197 examined its efficacy in vivo immunocompetent C3H/HeN** mice and compared with
198  doxycycline. To better compare the efficacy, disulfiram (75 mg/kg of bodyweight) was
199 introduced intra peritoneally on day 14 and day 21 (to consistently develop persistent infection
200 and carditis®) in to post infected C3H/HeN mice at 75 mg/kg of body weight every day for 5
201  days (Figure 3A). Mice were sacrificed after 48 hours of last dose to collect tissue samples at
202  both time points (day 21 and day 28 post drug treatment). A whole ear and heart base were used
203  for cultivation and analyzing the pathogen loads. Spleen, bladder, ear and heart were collected
204  for whole-DNA extraction and Q-PCR analysis (Table 1 and Figure 3A). The flab gene PCR
205  positivity represent either live Bb or components that had not been cleared from tissues. In the
206  day 14 post disulfiram treatment group, 3 out of 5 mice were flaB gene PCR positive from heart,
207  bladder and ear tissues (Tablel and Figure 3B). Whereas in the doxycycline treatment (50
208  mg/kg) group, 3 out of 5 mice were positive by PCR from heart and ear tissues but none positive
209  for PCR from bladder tissues (Figure 3B). Similar results observed in cultured ear and heart

210  tissues of respective groups (data not shown). The disulfiram treatment group had statistically
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211  significant lower number of B. burgdorferi compared to untreated infected controls (Table 2 and
212  Figure 3B). On the other hand, in the day 21 post disulfiram treatment group, 2 out of 4 mice
213  were flaB gene PCR positive from ear and rest of the tissues heart and bladder were PCR
214 negative (Figure 3B). Whereas in the doxycycline treatment group, 4 out of 4 mice ears were
215 PCR positive and 1 out of 4 mice bladder was PCR positive but none positive for PCR from
216  heart (Table 2 and Figure 3B). Similar results observed in cultured ear and heart tissues of
217  respective groups (data not shown). These results showed an overall better efficacy in vivo
218  C3H/HeN mouse to restrict the further growth and dissemination of B. burgdorferi.

219 Disulfiram treatment decreases disease pathology and further reduces inflammatory
220 markersin the heart of B. burgdorferi infected C3H/HeN mice

221  In Lyme borreliosis, heavy inflammatory infiltrates dominated by mono or polymorphonuclear
222 leukocytes are typically found at lesion sites®’. We performed histopathology analysis of heart in
223  both the day 14 and day 21 post disulfiram treatment group mice and found normal features of
224  aorta, valves and few to no mononuclear leukocytes inflammation in the myocardium which
225  signifies inactive carditis than the infected mice (Figure 3C and supplemental figure 3), whereas
226  the doxycycline treatment group mice specifically in day 21 showed mild to moderate level of
227 mononuclear leukocytes inflammation in the aorta and valves which signifies active carditis
228  (Figure 3C and supplemental figure 3) than the infected untreated mice which showed transmural
229 infiltration of mononuclear leukocytes in the aorta and valves signifies severe active carditis

230  (Figure 3C and supplemental figure 3).

231 In infectious diseases, a hallmark of inflammatory tissue reactions is the recruitment and
232  activation of leukocytes. Chemo and cytokines play a pivotal role in mediating these events. We

233  further determined whether disulfiram treatment alters the inflammatory responses in the heart at
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234  both day 14 and day 21 post infection, we evaluated B. burgdorferi induced myocardial
235 inflammation by quantification of mMRNA transcription of CxCL1 (KC), CxCL2 (MIP-2), CCL5
236 (RANTES), TNFo, IFNy, IL-10, IL-1f, iNOS and NOS-2 by qRT-PCR. In the day 14 post
237  disulfiram treatment group, levels of MIP-2, TNFa, IFNy and IL-10 were significantly lower
238  (reached normal levels) relative to infected untreated mice (Figure 4). More specifically, 1L-10
239  levels were reduced to 60-fold (Figure 4C), while MIP-2, TNFa, and IFNy reduced to 10-fold
240  (Figures 4 A, D&E). There was no change in NOS2 and iNOS levels (Figures 4 G&H). On the
241  other hand, in the day 21 post disulfiram treatment group, levels of MIP-2, RANTES, TNFa,
242 IFNy, IL-1B, and IL-10 were significantly lower (touched to normal levels) relative to infected
243  untreated mice (Figure 4), while iINOS and NOS-2 levels were significantly higher relative to
244 infected untreated mice (Figure 4 G&H). More specifically, IL-10 levels were reduced to 100-
245  fold (Figure 4 C), and other cytokines like MIP-2, TNFa, IL-1B3, and IFNy levels were reduced
246  ten to sixty-fold (Figures 4 A, D, F&E). While NOS-2 and iNOS, which have role in immune
247  regulation and tissues remodeling, were significantly higher compared to infected untreated mice
248  (Figures 4 G & H). These results indicate that disulfiram affects the regulation and/or balance of
249  Thil (MIP-2, RANTES, TNFa, IFNy and IL-1B), Th2 (IL-10) and protective Macrophage M1
250 (NOS2, iNOS) responses to B. burgdorferi at day 21 and day 28 post infection. However,
251  doxycycline treatment group have only reduced few cytokines like IL-10, TNFa, and IFNy at
252 day 14 and 21 post treatment (Figures 4 C, D, & E). While NOS-2 levels elevated at day 21 and
253  MIP-2 levels reduced at day 28 post infection (Figures 4 G & H).

254  Disulfiram treatment reduces antibody titersin the B. burgdorferi infected mouse

255  We next sought to determine whether disulfiram treatment affects antibody development during

256 day 14 and day 21 post B. burgdorferi infection, we measured the serum levels of each subtype
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257  of total immunoglobulins using an ELISA. The results at day 21, showed that the total amount of
258 IgM and IgG levels were significantly lower in disulfiram treated mice compared infected
259  control mice (Figure 5A). Among the 1gG subtypes, total 1gG1 levels were significantly lower
260 than the infected control mice (Figure 5A). However, there was no effect on other 1gG subtypes
261 like 19G2a, 1gG2b and 1gG3 (Figure 5A). While at day 28, only trend towards lower IgG levels
262  observed but were not statistically significant (Figure 5B). However, 1gG2b levels were
263  significantly lower in disulfiram treated mice and no effect on other IgG subtypes like IgG1,
264  1gG2a and IgG3 (Figure 5B). Whereas doxycycline treatment group does not show any reduction
265  of antibody titers at day 21 and day 28 respectively (Figures 5A & B). These data suggest that
266  the disulfiram treatment might induced development of antibody subtypes very efficiently and
267  affect IgG class switching, which may represent a contributing factor in lowering B. burgdorferi
268 titers at day 21 and clearance of Bb more efficiently at day 28. However, we cannot exclude the
269  fact that there is a possibility that B cells expressing different immunoglobulin isotypes are

270  selectively expanded.

271  Disulfiram reduces lymphoadenopathy in B. burgdorferi infected C3H/HeN mice

272 Lymphadenopathy, a hall mark of acute Lyme borreliosis** manifestation is characterized by
273  increased cellularity and the accumulation of large pleomorphic IgM- and IgG- positive plasma
274  cells. To determine whether disulfiram treatment reduces the lymph node enlargement, at day 28
275 we collected peripheral (axillary, brachial, cervical and inguinal) lymphnodes (pLNs) and
276  determine the cell number counts followed by analyzing B and T cell populations by flow
277  cytometry. In disulfiram treatment mice, total lymphocytes of pLNs were statistically reduced in
278  comparison to infected control mice (Figure 6). Doxycycline treatment mice also shown similar

279  result. Further, our pLNs FACS analysis of disulfiram treatment mice had significant decrease of


https://doi.org/10.1101/842286

bioRxiv preprint doi: https://doi.org/10.1101/842286; this version posted November 15, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

280  the percentages of CD19+ B cells, and significant increase of the percentages of CD3+ T cells in
281  comparison to infected control mice (Figure 6). Further among the CD3+ subsets, CD3+ CD4+
282  helper T cells and CD3+ CD8+ cytotoxic T cells were not affected in comparison to infected
283  control mice (Figure 6). However, when we compare naive uninfected mice with all three
284  infected groups (infected PBS treated, infected doxycycline treated and disulfiram treated)
285  showed significant decrease of the percentages of CD3+ CD8+ cytotoxic T cells (Figure 6), and
286  significant increase of the percentages of CD3+ CD4+ helper T cells (Figure 6). Another
287  hallmark of effective and long-term protection is the generation of memory T cells. They provide
288  an efficient immune response on pathogen re-exposure®’. We further analyzed CD4" T helper
289  subsets by labeling naive (CD62L"), early effector (CD62L/CD44"), effector (CD44") and
290  memory T cells (CD62L"/CD44"). Analysis of helper T cells in comparison to naive uninfected
291 mice revealed that disulfiram treatment mice led to a significant increase of early
292  effector/effector and memory T cells and to a significant decrease of naive T cells in pLNs
293  (Figure 6). Similar trend was observed in infected PBS treated and infected doxycycline treated

294 mice (Figure 6).

295  Discussion

296  Since antibiotics are the top-of-the-line options to treat infections, there remains a dire need and
297 a practical approach to bring more efficient antibiotics to clinic. The repurposing of FDA
298 approved antibiotics through fast-track approvals can be an excellent solution. In this current
299  study, we evaluated the borreliacidal potential of FDA approved drug disulfiram in vitro and in
300 vivo based on our previous high-throughput screening hits®*. We performed preliminary in
301 vitro antimicrobial assays by Bac-titer glo assay with wide range of disulfiram concentrations

302  (0.625 uM to 100 uM). Later, we confirmed the preliminary results by comparing antimicrobial
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303  effect of disulfiram to doxycycline and used most reliable quantitative methods performed to
304 establish the bactericidal activity*®®’. Disulfiram in both soluble forms (DMSO or cyclodextrin)
305 inhibited the the growth of B. burgdorferi strain B31 at an MIC* range of 0.74 to 2.97 pug/ml in
306 case of log phase cultures (~94%) and stationary phase cultures (~90%) at 1.48 pg/ml,
307  respectively (Figures 1 and 2), and with MBC varying from 1.48 pug/ml to 2.97 Zug/ml for log
308 and stationary phase cultures. The immediate deceleration in log and stationary phases of B.
309  burgdorferi growth on low dose of disulfiram treatment is attributed to the rapid cleavage of
310  disulfiram by thiophilic residues in intracellular cofactors like coenzyme A reductase®, enzymes
311  like thioredoxin?’, metal ions like zinc and manganese®, and cofactors of B. burgdorferi, which
312  are hypothesized to instigate an abrupt halt in B. burgdorferi metabolism, thus evokes killing of
313  B. burgdorferi. A similar mechanism of action is proposed for pathogens like Giardia, Bacillus,
314  drug resistant Mycobacterium, and multidrug resistant Staphylococcus 22233940

315  Disulfiram is an oral medication that is approved by the U.S. Food and Drug Administration
316  (FDA) for administration of up to 500 mg daily*'. Pharmacokinetic studies in humans has shown
317  that disulfiram has a half-life (t12) of 7.3 h and a mean plasma concentration of 1.3 nM, although
318  significant intersubjective variations are noted”’. The toxicity of both disulfiram and its
319 metabolites have also been broadly investigated in cell and animal studies, which yielded no
320 evidence for teratogenic, mutagenic, or carcinogenic effects*. DMSO proved to be low dose

321  toxic in vivo* so, we have used non-toxic cyclodextrin®“

as a solubilizing agent for
322  disulfiram in vivo studies. Based on these observations, we conducted our preliminary in vivo
323  mouse efficacy studies by administering (I.P) low dose of 10 mg/kg of body weight disulfiram to
324  infected C3H/HeN mice for 5 days and found that these mice could not able to clear the B.

325  burgdorferi from tissues (unpublished data). However as shown in the current study, when we
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326  repeated in vivo C3H/HeN mouse efficacy studies by administering (I.P) 75 mg/kg of body
327  weight disulfiram to infected mice for 5 days, all infected mice either reduced or cleared the
328  Dbacteria in most of the tissues at 21 and 28 post infection (Tables 1, 2 and Figure 3). C3H mice
329  develop bradycardia and tachycardia beginning on day 7 through 60 days after B. burgdorferi
330 inoculation and reaches severe inflammation particularly in C3H mice on day 15 to 21 post
331 infection®’. So, we have chosen C3H/HeN mouse model for our efficacy studies and day 14 or
332 day 21 post infection as time points for antibiotics treatments. Lyme carditis, a macrophage-
333  mediated pathology not directly influenced by B. burgdorferi specific antibodies, but by
334  inflammatory micro environment created by mRNAs for proinflammatory Thl cytokines (IL-1p,
335  TNF-0, and IFN-y), Th2 (IL-10), and other M1/M2 protective macrophage polarizing factors like
336  iNOS and NOS2 derived from macrophages and T cells*"*®4°_ Similarly, chemokines like MIP-2
337  (macrophage inflammatory protein 2), KC, and RANTES (regulated upon activation, normal T
338  cell expressed and secreted) preferentially attract monocytes and lymphocytes significantly
339  contributing to the inflammation and tissue damage in Lyme disease®®. We have shown that in
340 disulfiram treatment mice there is a significant reduction in the infiltration of leucocytes in the
341  heart wall and leads to no inflammation (inactive carditis) compared to doxycycline treated
342  group (active mild carditis) and PBS infected group (active severe carditis) at day 21 or day 28
343  post infection (Figure 3). Which implies that disulfiram treatment reduced the inflammatory
344 microenvironment by reducing the inflammatory chemokines (MIP-2 and RANTES), and
345  cytokines (IL-10, IL-1B, TNF-a, and IFN-y) and further reduces the disease severity in heart.
346  Macrophage phenotype is flexible, and once the infection is cleared and a more anti-
347  inflammatory environment is created, these inflammatory cells may switch to a proresolution M2

348  phenotype®™. Henceforth, in disulfiram treated mice since infection is cleared, M2 polarizing
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349  factors like NOS2 (iNOS) were elevated than the doxycycline treated group and PBS infected
350 group at day 21 or day 28 post infection (Figure 4). However, underlying mechanism involved in
351  differential expression of chemo and cytokines and their effect on disease severity needs to be
352  investigated.

353  Further, in this study we found lower bacterial burden in ear, heart and bladder of disulfiram
354  treated mice compared to PBS treated infected mice at 21 days post infection (Figure 5),
355 indicating that the disulfiram administration might have promoted the antibody mediated killing
356 early in the infection, thus not only limit B. burgdorferi colonization in tissues but also altered
357 the development of adaptive immune response, which may reduce the tissue inflammation as

358 observed in heart®*®

. In fact, B. burgdorferi infection leads to strong and sustained IgM
359  response and delayed development of long-lived antibody and B cell memory®*. So, disulfiram
360 treated mice might have accelerated long lived antibody and B cell memory development, which
361  resulted in statistically lower amount of total IgM, 1gG and IgG1 in day 21 post infection (Figure
362 5). On the other hand later at day28 post infection, disulfiram treated mice have higher amounts
363  of total IgM, IgG1 and IgG3isotypes, which all bind to C1q and activate the classical pathway,
364  whereas 1gG2a and 1gG2b bind to the Fc receptor. As such, it is likely possible that those
365 immuno-complexes formed with Clg-binding antibodies cannot be opsonized by the
366 complement system during infection due to the absence of C1lq thus fail to be engulfed by
367  phagocytes and accumulated within the circulation system. Lymphoadenopathy observed during
368 Lyme borrreliosis is caused by a massive increase in lymph node cellularity triggered by the
369  accumulation of live B. burgdorferi spirochetes into the lymph nodes. This increase in cellularity

370 is due to accumulation of CD19+ B cells®*. Disulfiram treatment not only alleviates

371  lymphoadenopathy but also reduces the percentage of CD19+ B cells in day 28 post infected
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372 mice (Figure 6). An important function of CD4+ T cells is their ability to enhance antibody-
373  mediated immunity by driving affinity maturation and the development of long-lived plasma
374 cells and memory B cells. However, it appears unlikely that the protective B cell response to B.
375  burgdorferi, a highly complex pathogen expressing many immunogenic surface antigens, is
376  confined to T-independent antibody responses alone. Even though, disulfiram treated mice
377  induces increase in percentage of CD3+ CD4+, Naive, effector and memory T cells, further
378  studies are needed to understand the role of these increased T cells in disease resolution and
379  Dbacteria clearance.

380 In summary, the disulfiram drug not only successfully cleared the bacteria but also reduced the
381 inflammation in heart tissue in C3H/HeN mice at day 28 post infection. Furthermore, disulfiram
382  reduced antibody titers followed by nullifying lymphoadenopathy. The preclinical data offered
383  here is beneficial in ascertaining the effectiveness of disulfiram and aids in future mechanistic
384  and translation research studies. Moreover, the disulfiram can exploit multiple mechanisms to
385  show its inhibitory effects both in vitro and in vivo. Although the results from our in vivo study
386  cannot be extrapolated directly to clinical practice, they form strong basis for future follow-up
387  studies, and promote the development of effective formulations of disulfiram for clinical

388  management of Lyme disease.

389 Materials and Methods

390  Culturing and growth conditions of B. burgdorferi B31

391 Borréelia burgdorferi sensu stricto low passage strain B31 was (obtained from the American
392  Type Culture Collection Manassas, VA) used for MIC tests and all infection studies in C3H/HeN
393 mice. Bacteria cultures were started by thawing -80°C glycerol stocks of B. burgdorferi (titer,

394 ~10" CFU/mI) and diluting 1:40 into fresh Barbour-Stoner-Kelly (BSK) complete medium with
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395 6% rabbit serum followed by incubating at 33°C. After incubation for 4-5 days log phase, and 8-
396 9 days stationary-phase B. burgdorferi culture (~10° borrelia/mL) was transferred into a 48-well
397  plate for evaluation with the drugs.

398  Drugformulations

399  The disulfiram (Sigma, USA) stock solution (50 mM) was made by dissolving in sterile 30%
400  hydroxypropyl B-cyclodextrin (Sigma) and also another disulfiram stock solution (20 mM) was
401  made by dissolving in sterile 100 % DMSO (Tocaris bioscience, UK). A stock solution of 100
402 mM of doxycycline (as a positive control) was made by dissolving the doxycycline powder in
403  ultra-pure MilliQ water. All drug stocks were passed through 0.22 pum filters (Millipore-Sigma),
404  used within 72 h of preparation and were not subject to freezing temperatures. Working solutions
405  was made by mixing desired volume of stock solutions in desired volume of ultra-pure MilliQ
406  water. Further, the vehicle for hydroxypropyl p-cyclodextrin (cyclodextrin) and DMSO controls
407  were made similarly and it is important to note that the vehicle controls were identical to the test
408  formulation in every single aspect except for the active ingredient. This measure was strictly
409  followed for vehicle control wherever used in entire study.

410 In-vitro testing of antibiotics by BacTiter Glo® assay, microdilution and SYBR Green |/PI
411  assay methods

412 The MIC was determined by using Bac Titer-Glo microbial cell viability assay”®. After 72 hours,
413 100 pL of culture was taken from each well and mixed with 100 puL of Bac Titer-Glo® reagent
414  (Promega, Madison, WI, USA). Then, the assay was performed according to the manufacturer’s
415  instructions. Luminescence was measured on a CLARIOstar micro plate reader at an integration

416  time of 500 milliseconds.
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417 A standard microdilution method was used to determine the minimum inhibitory concentration
418  (MIC) of the antibiotics tested®®. Approximately, 1 x 10° B. burgdorferi were inoculated into
419  each well of a 48-well tissue culture microplate containing 900 puL of BSK medium per well. The
420  cultures were then treated with 100 puL of each drug at varying concentrations ranging from
421  0.625, 1.25, 2.5, 5, 10 and 20 uM. Control cultures were treated with respective vehicles, and all
422  experiments were run in triplicate. The well plate was covered with parafilm and placed in the
423 33°C incubator with 5% CO, for 4 days. Spirochetes proliferation was assessed using a bacterial
424 counting chamber (Petroff-Hausser Counter) after the 4-5 days incubation followed by dark-field
425  and fluorescence microscopy. To further determine the minimum bactericidal concentration
426  (MBC) of the antibiotics tested (the minimum concentration beyond which no spirochetes can be
427  sub cultured after a 3-week incubation period), wells of a 48-well plate were filled with 1 mL of
428 BSK medium and 20 pL of antibiotic-treated spirochetes were added into each of the wells. The
429  well plate was wrapped with parafilm and placed in the 33°C incubator with 5 % CO, for 3
430  weeks (21 days). After the incubation period, the plate was removed and observed for motile
431  spirochetes in the culture by dark-field and further cell proliferation was assessed using the
432  SYBR Green I/PI assay fluorescence microscopy. All these experiments were repeated at least
433  three times. Statistical analyses were performed using Student’s t -test.

434  Dynamic light scattering

435 The stock solutions of 1M disulfiram was prepared either in DMSO or in 30% (w/v)
436  hydroxypropyl B-cyclodextrin (CD). Disulfiram was then diluted in bovine serum albumin
437  (BSA) solution to obtain disulfiram concentration 0.125 uM, 0.25, 0.5, 10, 25, 50, and 100 uM,

438 and 5% (w/v) BSA in the final solution for DLS. The measurements were obtained from
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439  Brookhaven 90-Plus particle size analyzer (Brookhaven instruments corporation) at an angle of
440  90° with 10% dust cutoff filter. The results represent average of three measurements.

441  Atomic for ce microscopy

442  Atomic force microscopy (AFM) samples have been prepared from drugs disulfiram-CD and
443  disulfiram-DMSO solutions of respective concentrations (100 uM, 25 uM, 10 uM and 5 uM) on
444 clean silicon wafers that were plasma-treated to increase hydrophilicity. 10 pL droplets were
445  deposited, spreading for most of the surface of 1 cm? wafers and were quickly dried in a
446  desiccator under vacuum to minimize additional aggregation due to local increase in
447  concentrations. AFM imaging has been performed with NX-10 AFM (Park Systems, Korea)
448  operating in non-contact mode with Micromasch NCS15 AL BS tips (NanoandMore, USA) at
449 0.8 Hz with 256 pixels per line.

450 Invivotesting of drugsin immunocompetent C3H/HeN mice

451  Four weeks old female C3H/HeN mice, were purchased from Charles River Laboratories,
452  Wilmington, Massachusetts. All mice were maintained in the pathogen-free animal facility
453  according to animal safety protocol guidelines at Stanford University under the protocol ID
454  APLAC-30105. All experiments were in accordance with protocols approved by the
455  Institutional Animal Care and Use Committee of Stanford University. The mice (5 week) were
456  infected subcutaneously close behind the neck with 0.1 mL BSK medium containing log phase
457  10° B. burgdorferi B31. For in vivo studies, we have used only disulfiram soluble in
458  cyclodextrin. On the 14 and 21 days post Bb infection, the mice were intraperitoneally
459  administered a daily dose of drugs, disulfiram (75 mg/kg) and doxycycline (50 mg/kg) for 5
460  consecutive days (Figure 3A). After 48 hours of the last dose of administering compounds, both

461  groups (day 21 and day 28 post Bb infection) of mice were terminated and their urinary bladders,
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462  ears, and hearts were collected. The DNA was extracted from urinary bladder, ear and heart. The
463  absence of B. burgdorferi marked the effectiveness of the treatment in these organisms.
464  Quantification of important pro/anti-inflammatory immune marker transcripts and
465  histopathology of heart was also done. At termination on day 28 post infection, spleen and
466  peripheral lymph nodes (axillary, brachial, cervical and inguinal) were also collected for
467  immunophenotyping.

468  Quantitative (Q-PCR) and Real-time PCR (RT-PCR) analysis

469  Urinary bladder, ear punches, heart bases were homogenized and DNA was extracted using the
470  NucleoSpin tissue kit according to the manufacturer's instructions (Duren, Germany). Q-PCR
471  from above tissues were performed in blinded samples using B. burgdorferi Fla-B gene specific
472  primers and a probe. These primers were listed as follows: Fla-B primers FlablF 5’-
473 GCAGCTAATGTTGCAAATCTTTTC-3’, FlablR 5’-GCAGGTGCTGGCTGTTGA-3’ and
474 TAMRA Probe 5-AAACTGCTCAGGCTGCACCGGTTC-3" according to the published
475  protocol. Reactions were performed in duplicate for each sample. Results were plotted as the
476  number of Fla B copies per microgram of tissue. The lower limit of detection was 10 to 100
477  copies of B. burgdorferi Fla-B DNA per mg of tissue. In addition to standard laboratory
478  measures to prevent contamination, negative controls (containing PCR mix, Fla-B primers,
479  probe, and Taq polymerase devoid of test DNA) were included.

480 Total RNA was extracted from tissues using RNeasy mini kit (Qiagen, USA) and reverse
481  transcribed using a high-capacity cDNA reverse transcription kit (Invitrogen, USA). cDNA was
482  subjected to real-time PCR using primer and TAMRA probes (Stanford Protein and Nucleic acid

483  Facility) previously described®. PCR data are reported as the relative increase in mRNA
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484 transcript levels of CxCL1 (KC), CxCL2 (MIP-2), CCL5 (RANTES), IL-10, TNF-q, IFN-y,
485  INOS and NOS2 normalized to respective levels of GAPDH.

486  Histopathology

487  For histopathology, heart samples were fixed in 10% formalin buffer followed by staining of
488  vertical histological sections with hematoxylin and eosin dye. Heart tissues were assessed for
489 inflammation by microscopic examination at intermediate (10X), and high (40X)-power
490  magnification and were scored for severity of inflammation (carditis, vasculitis) according to the
491  percentage of inflammation at the heart base upon examination at low power (10X). Scores of 0
492  (none), 1 (minimal; less than 5%), 2 (mild; between 5% and 20%), 3 (moderate; between 20%
493  and 35%), 4 (marked; between 35% and 50%), and 5 (severe; greater than 50%) were assigned

494  for the severity of inflammation®*!

. Myocarditis consisted of focal or diffuse interstitial
495 infiltrates of mononuclear leukocytes in the myocardium. The microscopic photographs were
496  captured on Olympus CX-41 microscope (Olympus, Tokyo, Japan). The images are shown at
497 10X and 40X magnification

498  Quantification of total mmunoglobulinsin serum by ELISA

499  Quantification of total mouse immunoglobulin concentration IgA, IgM, IgG, 1gG1, 1gG2a,
500 IgG2b, and IgG3 in mouse serum was done using Ready-Set-Go ELISA Kits (Invitrogen, USA).
501 Flow cytometry

502  Single cell suspensions of lymphoid tissues were prepared as described®, live/dead cell viability
503  stain was used to eliminate dead cells followed by single cells separation from doublets by FSC-
504 A vs FSC-H plots. Cells were incubated in Fc blocking for 15 min at 4°C in staining buffer and

505 incubated with the appropriate marker for surface staining in the dark for 30 min at 4°C. Surface

506 lineage markers for T cells CD3, CD4, CD8, CD62L, CD44 and B cells was CD-19 conjugated
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with PercP Cy5.5 (Tonbo Biosciences) were described previously®’. Cells were acquired on a
BD-LSR Il flow cytometer and data analyzed using Flow Jo software.

Statistics

Data analysis was done using Graph Pad Prism software. Single comparisons within uninfected
or drug treated groups and infected groups were analyzed with two-tailed paired t-test, with
unpaired t-test with Welch’s correction and with multiple t-tests. o = 0.05 for all tests. *p < 0.05,

**p <0.01, *** p <0.001, ****p <0.0001.
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692 Legendsto Figures

693  Figure 1. Evaluation of borreliacidal activity of disulfiram (in DMSO and cyclodextrin) with
694  doxycycline as control. A 4 day-old, B. burgdorferi log phase culture of B. burgdorferi was
695 incubated for four days with disulfiram (Dis-DM), disulfiram (Dis-CD) and doxycycline (Doxy)
696 at the same drug concentrations of 100uM to 0.625uM respectively. After a five-day incubation,
697  bacteria cell viability was assessed by A, Bac-titer glow assay. B, by direct counting using dark
698 field microscopy and C, by SYBR Green-1/Pl assay using fluorescent microscopy.
699  Representative images were taken using SYBR green-fluorescent stain (live organisms) and
700  propidium iodide red-fluorescent stain (dead organisms) at 20X magnification. All these

701  experiments were repeated atleast three times. Error bars represent standard errors.


https://doi.org/10.1101/842286

bioRxiv preprint doi: https://doi.org/10.1101/842286; this version posted November 15, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

702

703  Figure 2: Evaluation of borreliacidal activity of disulfiram (in DMSO and cyclodextrin) with
704 doxycycline as control. An eight day-old, B. burgdorferi log phase culture of B. burgdorferi was
705  incubated for four days with disulfiram (Dis-DM) disulfiram, (Dis-CD) and doxycycline (Doxy)
706  at the same drug concentrations of 100uM to 0.625uM respectively. After a five-day incubation,
707  bacteria cell viability was assessed by A, Bac-titer glow assay. B, by direct counting using dark
708  field microscopy and C, by SYBR Green-I/Pl assay using fluorescent microscopy.
709  Representative images were taken using SYBR green-fluorescent stain (live organisms) and
710  propidium iodide red-fluorescent stain (dead organisms) at 20X magnification. All these
711  experiments were repeated atleast three times. Error bars represent standard errors.

712

713 Figure 3: Borrelia loads in various tissues after C3H-HeN mice infection followed by disulfiram
714 or doxycycline antibiotics treatment. A. Antibiotic treatment/borrelia infection schedule: groups
715  of 5 week old C3H mice (n = 30) were infected subcutaneously above the shoulders with mid log
716  phase 10° B. burgdorferi. Infected groups were received intraperitoneal antibiotics [doxycycline
717 (n=5), disulfiram (n=5) and PBS (n=5)] in two different time points; day-14 post infection and
718  day-21 post infection. Uninfected groups of mice were kept as controls (n=10). B. Necropsy at
719  the end of day-21 and day-28, ears, hearts and urinary bladders were collected for determination
720  of the number of Borrelia flab per ul of sample by qPCR. C. Photomicrographs (40X) of
721  hematoxylin and eosin stained heart sections; arrows depict the mono nuclear leucocyte
722  infiltrates. Statistics by unpaired t test with Welch’s correction between drug treated group
723  versus infected group. *p < 0.05, ** p <0.01, *** p < 0.001, ****p <0.0001.

724
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725  Figure 4: Measurement of immunomodulators in hearts of C3H/HeN mice with or without
726  antibiotics treatment by RT-PCR. RT-PCR of pro-inflammatory transcripts (MIP-2, RANTES,
727  TNF-a, IFN-y and IL-1p) and important protective immunoregulatory transcripts (IL-10, iINOS
728 and NOS-2) in heart. Statistics by unpaired t test with Welch’s correction between control versus
729  infected and also between drug treated group versus infected group. *p < 0.05, ** p <0.01, *** p
730 < 0.001. NS means not significant.

731

732  Figure 5: Antibody response in the serum with and without antibiotics treatment. A. Total
733 concentration of IgA, IgM, 1gG, 1gG1, IgG2a, 1gG2b and IgG3 antibodies day 21 post-infection
734 and B. Total concentration of IgA, IgM, IgG, 1gG1, IgG2a, IgG2b and IgG3 antibodies day 28
735  post-infection which were quantified by ELISA. Statistics: unpaired t test with Welch’s
736  correction between controls versus infected and between drug treated group versus infected
737  group. *p <0.05, ** p <0.01, *** p <0.001. NS means not significant.

738

739  Figure 6: Percentage of B cells, T cells, CD8+ cytotoxic T cells, CD4+ helper T cells, naive,
740  effector and memory CD4+ T cells in lymph nodes. Flow cytometric analysis of immune cells
741  isolated from peripheral lymph nodes from uninfected and infected mice treated with antibiotics.
742 Cells were labelled with anti-CD19, anti-CD3, anti-CD4, anti-CD8, anti-CD44 and anti-CD62L
743  lineage surface markers. Statistics unpaired t test with Welch’s correction between control versus
744 infected and between drug treated group versus infected group. *p < 0.05, ** p < 0.01, *** p <
745  0.001. NS means not significant.

746
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810 Table 1: In vivo efficacy of drugs against B. burgdorferi in C3H/HeN mice. After 14 days of
811 B.burgdorferi infection, C3H/HeN mice were treated with following drugs once per day for 5

812  days (Doxycycline — 50 mg/kg and Disulfiram — 75 mg/kg). The whole DNA was extracted from

No. of mice Drug name No. of fla-b No. of fla-b DNA No. of fla-b DNA
infected DNA copies/Ear copies/Bladder copies/Heart
1 Saline (No 847 1761 15893
drug)

2 791 1422 28683
3 7851 1335 79512
4 1275 1136 16256
5 1447 1933 28125
1 Doxycycline 0 0 842

813  urinary bladder, ear and heart and further analyzed data by qPCR.
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2 4 0 12
3 0 0 0
4 56 0 1325
5 10 0 0
1 Disulfiram 73 0 935
2 0 1439 0
No. of mice Drug name No. of fla-b No. of fla-b DNA No. of fla-b DNA
infe?tted DNA c@pies/Ear copies/@ladder c pljeg eart
A 20 2017 1207
E Satine (No z%,’ %"9‘5 lzf"'(’)f'?'
drug)

814
815
816
817
818
819
820
821
822
823
824
825
826
827
828 Table 2: In vivo efficacy of drugs against B. burgdorferi in C3H/HeN mice. After 21 days of

829  B.burgdorferi infection, C3H/HeN mice were treated with following drugs once per day for 5
830 days (Doxycycline — 50 mg/kg and Disulfiram — 75 mg/kg). The whole DNA was extracted from

831 urinary bladder, ear and heart and further analyzed data by gPCR.
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2 509 469 663
3 412 837 534
4 835 448 745
5 753 331 556
1 Doxycycline 28 0 0
2 5 0 0
3 14 6 0
4 15 0 0
1 Disulfiram 0 0 0
2 21 0 0
3 0 0 0
4 51 0 0
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