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ABSTRACT We evaluated antibiotic activity against the intracellular bacterium Coxiella
burnetii using an activated THP-1 cell model of infection. At clinically relevant concentra-
tions, the intracellular bacterial load was reduced 300-fold by levofloxacin and finafloxacin,
40-fold by doxycycline, and 4-fold by ciprofloxacin and was unaffected by azithromycin.
Acidification of the culture medium reduced antibiotic activity, with the exceptions of
doxycycline (no change) and finafloxacin (slight improvement). This model may be used
to select antibiotics to be evaluated in vivo.
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oxiella burnetii is the causative agent of Q fever, which can cause infections in

humans following inhalation of contaminated aerosols (1). The first-line therapy is
doxycycline (1), but azithromycin or the fluoroquinolones (known to accumulate in
host cells) may constitute useful alternatives due to the obligate intracellular nature of
this bacterium. In this work, we compared the intracellular activity of doxycycline with
those of azithromycin and of three fluoroquinolones (ciprofloxacin, levofloxacin, and
finafloxacin) in a model of activated THP-1 cells infected by the attenuated variant of C.
burnetii Nine Mile, phase Il RSA439, clone 4 (2). This strain is a relevant surrogate for
fully virulent phase | C. burnetii, with similar growth kinetics in THP-1 cells (3). C. burnetii
thrives in acidic vacuoles, sharing similarities with phagolysosomes (4, 5), making relevant
the comparison between finafloxacin, which shows lower MICs at acidic pH versus neutral
pH against other bacterial species (related to a higher accumulation in bacteria at acidic
pH), and conventional fluoroquinolones, which have better activity at neutral pH (6, 7).
Moreover, because C. burnetii causes infection of the lungs, where the pH of the extrava-
scular space is acidic (8), or results in endocarditis, which may be accompanied by meta-
bolic acidosis (9), we compared infected cells incubated in medium at neutral pH to those
incubated at acidic pH.

MICs were determined by microdilution in ACCM-2 medium according to a published
method (10) and are reported in footnote g to Table 1. Phorbol myristate acetate (PMA)-dif-
ferentiated THP-1 human monocytes were infected following a previously described proto-
col (11) (see Fig. S1 in the supplemental material for the development of the model), except
that C. burnetii and the antibiotic stocks were diluted in RPMI supplemented with 10% fetal
calf serum and 2 mM glutamine. Infected cells were exposed for 72 h to each antibiotic over
a wide range of concentrations (0.003 to 100x the MIC) and then harvested, and the lysates
were used to determine CFU counts following plating on ACCM-2 agar (10). The protein
content was also determined. Data (expressed as change in CFU from the postphagocytosis
inoculum, normalized to the protein content of the samples) were used to fit a Hill equation
(see Fig. 1 for individual data for each antibiotic and Fig. S2 in the supplemental material for
antibiotic comparisons) and calculate the pharmacodynamic parameters. The antibiotic effi-
cacy (E.x and E at the maximum concentration of drug in serum [C,,,.]) and apparent relative

December 2021 Volume 65 Issue 12 e01061-21 Antimicrobial Agents and Chemotherapy

Citation Peyrusson F, Whelan AO, Hartley MG,
Norville IH, Harding SV, Van Bambeke F. 2021.
Intracellular activity of antibiotics against
Coxiella burnetii in a model of activated human
THP-1 cells. Antimicrob Agents Chemother 65:
€01061-21. https//doi.org/10.1128/AAC01061-21.
Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Francoise Van
Bambeke,
francoise.vanbambeke@uclouvain.be.
Received 8 June 2021

Returned for modification 6 September 2021
Accepted 9 September 2021

Accepted manuscript posted online

20 September 2021

Published 17 November 2021

aac.asm.org 1

Downloaded from https://journal s.asm.org/journal/aac on 30 November 2021 by 130.104.194.81.


https://orcid.org/0000-0002-0052-7991
https://doi.org/10.1128/AAC.01061-21
https://doi.org/10.1128/ASMCopyrightv2
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01061-21&domain=pdf&date_stamp=2021-9-20

Antimicrobial Agents and Chemotherapy

Peyrusson et al.

"I8'V6T ¥OT'0ET AQ T20Z JAqUIBAON OF UO Jee/feulno(/Bio wse'sfeunol//sdny woj papeojumoq

"9AIND 3SUOAS3I-UOIIRIIUIIUOD dY) JO UOIIRND? [|IH dY) WOy
paje|najes se ‘uoneqnoul Jo Y z/ Buimoljoy wnjndoul [elaleq sisoifdobeydisod ayy woly °160j 1) N4 JO %06 JO UoRINPaI e Ul Bulnsal (sasayiuaied Ul S|eAISIUl SDUSPYUOD YIIM) UOIRIIUSIUO J30IqRUR Jejnjjadelxa ™ L7y,
421/Buw §Z1°0 ‘NI 4a1/Bus & ‘XA 14911/Bui T “d1D “(suonejnojed ul JjN Y3 se uaxel 1a)|/bw gz L yam) Jal|/Bw 87 L < ‘Iz 14aM|/Bw €0°0 'XOQ :SMOJ|0y Se 1€ SD|N5

*9AIND 3sU0dsaI-UoIIeIIUIdUOD 3Y) JO uonenba ||IH Y3 Wouy pale|ndjed se ‘uoliegndul
30 Y 7/ Buimo|joy wnjndoul [eudldeq sisolkdobeydisod ayy wiouy yimoib [euaideq Juasedde ou ur Huiynsas (sasayiuaied Ul S|eAIIUL 9DUSPLUOD YIIM) UOIIRIIUSIUOD DI10IGIIUR JB|N|[9011XD Se UMOYS ‘UOI1eIIUSdUOD dl1els “),

"NI4 10} 81 92Ua13)31 10 |7 PUR ‘XOd ‘XAT ‘dID 104 (/pi/siuswindop~puesuonedlgnd/Bioiseona'mmm//:sdy) sJuswindop jeuoliel | SyJN3J Uo paseq ale sanjea ') uewny “(Ni4) s|eu [ed1ul]d ui pasn

9S0P dY3 JO (]ZY) 9SOP [EUOIIUIAUOD 33 pUe ‘(1) (XOQ) J9A3} D 10 3SOP PIpUIWIWOIDI Y} (XAT PUE d]D) XeIylue uoliejeyul 104 A1ejnwiiod [euolieN Ysiiig 8yl uo pased a1e sasop palda|as ay] “(Aep e aduo bw 00g) 4931/6w 0'6 ‘NI4
‘(Kep e ad>u0 Bw 0OS) Ja)/BW /'8 ‘XAT ‘(Aep e ad1m) B 00S) 193|/6wW 87 ‘dID ‘(Aep e 9duo Bw 00S) 493)/6w 10 ‘[ZV ‘(Aep e ad1m1 Bw 0o L) 4931/6W 7 ‘XOQ :SMO||04 se aJe (sasayiualed Ul USAIB) S9SOpP Pa3d3|as 104 sanjea ) uewny,
45 uewny ay3 03 Buipuodsali0d UOIIRIIUIDUOD dI3OIqIIuE
ue 10§ asuodsal 199449-UOI1RIIUSDUOD BY} JO Uolienba ||IH 3Y3 Woly pale|ndjed se wnjndoul [eldideq sisolkdobeydisod [eniur buipuodsaiiod ay) woly Y g/ 1e (sasayuaied Ul [eAIS)UL 9OUSPYUOD Yim) syun ° Ho| ur uononpal N4 ‘Jp
*uoI3eJIUIDUOD diRoIqiIue dbJe| A|9)UYUI Ue 10§ 9SUOdSaI 1339)J9-UOI1RIIUIDUOD
3y3 Jo uonenba |14 ay3 wouj parejodesixa se wnjndoul |elaldeq sisolfdobeydisod |eniul buipuodsaliod ay3 Woiy Y g/ 3e (s9sayiuaied Ul S|eAISIUI 92USPYUOD YIm) syun °tHo| ul uoidnpal N4 se umoys ‘Adedyys jewixew ~°*g,
‘uexopeul ‘N4 ‘UdexoJoas| ‘XA ‘uidexopoidid ‘gD ‘unAwoiylze ‘|zy ullf2Axop ‘XOQ :SUoneIAIqay,

‘sjuswiLIRdxa Juspuadapul 931Y) WOy (SS3YIUSIEd Ul [BAISIUI 9DUSPYUOD %56 YUM) UBSW 3Y) SB UMOYS a1 ele "(UoNQUISIP [e2LISWWAS) sanjea 0L 6oj J1ay3 uo

pawuoyad sem * 15 pue *J 10y sisK[RUR [213S13R1S 1000 > d 'y LO'0 > d 5 (SO0 > d ' H(S0'0 < o) 3uBILIUBIS J0U ‘SN 3533 2 3|diynw Aq pawniopad sem §'s pue 4/ Hd Je eIpaW UsaMIS d130IGIIUR YDES 0 B3RP 4O uostiedwo)
(S0°0 > d) /9YIOUR SUO WO JUDIDHPIP DB SIDNS| JUDIDPIP YUM SSN[BA 1531 20y 150d S, AN1 YUM (WAONY) dueLieA Jo siskjeue Aem-auo Aq pawiogad sem Hd uaAlb e je sonjoiqiaue usamiaq uosiiedwod J1oj siskjeue |ed1snels,

V (6€001500—) »£10 (8L'€0107°0—) 46€°L Y (80°0 02 Z0'0—) snEOO (0z’L01€EL°0-) ¥T0 Isn(P9T— 01 SH'T—) ¥ST— 4 sn(S9°T—0195C—) 09T~ NId

A (0LTOIBLL) 4uutTT (£9°0 01 717°0) 445950 A (18001 LE0) +4650 (LZ00160°0) +xS1°0 a.erz—o1ss1-)Tlt— g sn(09°€—012€T—) 96T~ XA

D (T6'EL 01 L8TL) vuxOV'EL (96'9 01 €17'9) 44x0£'9 D(ETS0106'L) «4LSE (297 0156°0) «48L°L D waxlV7’001L1°0—) ¥1'O+ 9.(€0€—012£T—)0LT— di>
9 4xx000'L < xxx8< 4(9°059018'£5—) .¥'96C (80°S 011'0—) LZE'T 9n(86'0 01 €2°0) L90O+ V sn(60T— 01 10'L—) SS'L— VA

V(€1'002 L1°0) snC L0 (9T 01TL°€) sN66'E V (€00 01 L0'0—) 5100 (S0°L0101L°0—) L0 Vsn(68'1—01€TL—) 95 L — Von(£61—01STL—) 9L — Xoda

§'G Hd 12 wnipay

a(ss001670) Zv0 (8€'¥ 01 LET) SE'E d®wL001100-) 00  (0Z'L 01Z0'0—) 650 a(sls—0188'1-) 057~ g(S's— 0168'1—) L9T— NI4

a (#8003 190) 2L 0 (lz001510) 810 a(er001£00-)8L0  (LL'00IZ00—) SO0 aless— 01zeT—) ¥ST— g(98€—0118'1—) 8T~ XA1

D (LTS O L¥'Y) b8y (0970 €TT) T D(Z9'L01Z90)TL'L (18002 LE'0) 950 D (0£'0— 018/°0—) 650— g(057— 010€7-) OV'T— dn

g (8'82 01 L'v6—) 691 (SE'€01H£0-) LEL g(009L 01 L'LZL—) €6l (STLOIS60—)SLO g(S5£°00157°0) 050+ V (S9— 016€7€) £S'L— 1Zv

V (£1°0 03 20°0) £0°0 (6£7 0195°0) L'T V (20001 100—) LO'0  (£5°00150°0—) ¥T'0 V(§T—01120-) 191~ V (85'T— 010£0—) ¥9'L — Xod
¥/ Hd 1@ wnipapy
1931/bw JIN X 13)1)/bw JINX  (03wn woxyndd boly) . *“D1e,3 (03w woiy ndd boyy) ;%3 46nip pue wnipapy

:mo_ —\.U &w.U

»Hd d1pIde Jo |esnau
18 WNIPaW Ul pa1eqndul S[|92 |-dHL P1eAIDE Ul [13oUing DjjaIx0) 1sulebe SJ1101gIaue JO S9AIND 9suodsal-uoi1eilusduod 3yl Jo sisAjeue |edlsiiels pue siolaweled [edibojodewseyd L 319V.L

aac.asm.org 2

Issue 12 e01061-21

Volume 65

December 2021


https://www.eucast.org/publications_and_documents/rd/
https://aac.asm.org

Antibiotics against Intracellular C. burnetii

A logqg cfu from initial inoculum

doxycycline

A logqg cfu from initial inoculum

Antimicrobial Agents and Chemotherapy

azithromycin

-3 i3
A pH74 - pH74
-k- pH55 -¥- pH55
-4 T T T T T 1 -4 T T T T T 1
-5 -4 -3 -2 -1 0 1 -2 -1 0 1 2 3 4
Log,q extracellular conc. (mg/L) Log,q extracellular conc. (mg/L)
ciprofloxacin levofloxacin finafloxacin

£ R S E
3 3
3 3
Q OeccceeeceeeeedNAueiiiiine, 8
£ £
s ]
£ =
£ 1 £
£ £
S 2
= ol .-
a2 2
) o
S 2
S -3 g
:] - pH74 2 IF pH74
-¢- pH55 -l- pH55
-4 T T T T T 1 T T T T T 1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Log,o extracellular conc. (mg/L)

Log4o extracellular conc. (mg/L)

A log4q cfu from initial inoculum

1o pH74

-®- pH55

-4 T T T T T 1
-4 -3 -2 -1 0 1 2

Log,q extracellular conc. (mg/L)

FIG 1 Concentration-response curves of antibiotics against intracellular C. burnetii in a model of PMA-activated THP-1 human
monocytes. The abscissa shows the extracellular concentrations. The ordinate shows the change in the number of CFU from the
initial postphagocytosis inoculum following 72 h of incubation. The horizontal dotted line corresponds to the initial inoculum and
allows the apparent static effect (static concentration [C]) of each antibiotic to be calculated. The data were used to fit Hill

s

curves, represented with their 95% confidence interval. All data are means =* standard error of the mean (SEM) from 3
independent experiments. The yellow-shaded area corresponds to the zone of effects obtained at clinically relevant
values). Open symbols and solid lines indicate data from medium at pH 7.4,
and closed symbols and dotted lines indicate data from medium at pH 5.5.

concentrations (see footnote e to Table 1 for C,

max

potency (C; and C_; \,,) were determined (Table 1). The parameters E,,, E at C,, C, and

C

1 1og are defined and described in more detail in the footnotes to Table 1.

The study was approved by the Biosafety Office of the Université catholique de

Louvain on 22 May 2019.

Following 72 h of incubation, all antibiotics demonstrated concentration-depend-
ent killing, with azithromycin and doxycycline resulting in a lower (less negative value)
E...x (reduction of ~1.5 log,, CFU) than the fluoroquinolones (reduction of ~2.5 log;,
CFU). E,.,x was not influenced by the pH of the medium. At an extracellular concentra-
tion corresponding to the human C,,,, of each antibiotic, levofloxacin and finafloxacin
were the most effective in medium at neutral pH, causing a reduction in CFU close to
their respective E,., values, followed by doxycycline, ciprofloxacin, and azithromycin,
which was ineffective. In acidic medium, the efficacies of finafloxacin and doxycycline
remained unaffected, while those of ciprofloxacin and levofloxacin were reduced. C,
was lower than the MIC for all drugs in medium at neutral pH and shifted to signifi-
cantly higher values at acidic pH for azithromycin, ciprofloxacin, and levofloxacin. The
concentration required to result in a 90% reduction in bacterial load (C_; ) was
achieved at clinically relevant concentrations for doxycycline, levofloxacin, and finafloxacin
in medium at neutral pH. In acidic medium, the C_, ., values were shifted higher for azithro-

mycin, ciprofloxacin, and levofloxacin, but the value was lower for finafloxacin.

Although C. burnetii is an intracellular pathogen, few studies have examined antibiotic
activity intracellularly, and activity has been studied only semiquantitatively or under a
few conditions of exposure (11-14). Thanks to the establishment of appropriate axenic
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cultures in liquid or solid medium (10), we were able to quantify C. burnetii intracellularly
under control conditions and following exposure to selected antibiotics.

We found that fluoroquinolones were the most effective drugs among those evaluated,
with levofloxacin and finafloxacin (but not ciprofloxacin) able to reduce the intracellular bacte-
rial inoculum 400-fold at clinically relevant concentrations. This is probably related to their
known bactericidal activity, as previously suggested (14). The reason why ciprofloxacin was
less active in this model remains to be established, but these data are consistent with its
recently demonstrated inactivity in vivo, contrasting with the remarkable efficacy of levofloxa-
cin (11). Levofloxacin and finafloxacin also displayed similar relative potencies intracellularly,
although we failed to determine a possible advantage of finafloxacin, despite its lower MIC.
One possible explanation resides in the lower accumulation of finafloxacin versus levofloxacin
in THP-1 cells (2.5-fold versus 10-fold, respectively) (7, 15). This hypothesis is further substanti-
ated by the opposite effect of the pH of the culture medium on the intracellular potency of
finafloxacin versus the conventional fluoroquinolones. Finafloxacin is the only fluoroquinolone
for which potency was increased in acidic medium (concentration-response curve shifted to
the left), most probably because its uptake is increased in THP-1 cells at acidic pH (related to a
higher proportion of the zwitterionic form) (see Table S1 in the supplemental material), as
opposed to that of other fluoroquinolones (7).

Doxycycline, considered a first line of treatment, was less effective in our model,
but remained highly potent, as it was still capable of reducing the intracellular bacterial
inoculum 40-fold at clinically relevant concentrations. Previous work showed that the
potency of doxycycline could be further increased by neutralizing infected vacuoles
(12, 13). However, acidification of the extracellular medium did not affect its intracellu-
lar activity, suggesting that its uptake mechanism in THP-1 cells is pH independent in
the range of pH values investigated, below the isoelectric point of this molecule (Table S1).
Finally, azithromycin was inactive both in axenic culture and intracellularly, despite its high cel-
lular accumulation. The potency of azithromycin is markedly reduced in acidic environments
(16), where it is fully protonated (Table S1); this includes the vacuoles where C. burnetii thrives.
Its uptake by THP-1 cells is reduced in acidic medium (16), explaining the even lower potency
observed under these conditions.

In conclusion, we have demonstrated the utility of a C. burnetii in vitro intracellular
infection model that has allowed pharmacological comparisons of antibiotic activity. The
data collected for doxycycline, ciprofloxacin, and levofloxacin are consistent with those
obtained in vivo with the phase | virulent variant RSA493 (11, 17), suggesting that the
attenuated variant, phase ll, is an appropriate, easier-to-handle surrogate for larger-scale
screening of novel Q fever therapeutics.

Data availability. Data will be made available upon request via the corresponding
author.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.05 MB.
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Figure S1: Developing the intracellular model. Internalization of C. burnetii following 24h of
phagocytosis at increasing bacterium-to-cell ratios (left axis; multiplicity of infection) and
percentage mortality of THP-1 cells as assessed at the end of the phagocytosis period by
trypan blue staining (right axis). All data are means + SEM of 3 independent experiments. The
red box highlights the conditions selected for assessing antibiotic activity.
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Figure S2: Concentration-response curves of antibiotics against intracellular C. burnetii in a
model of PMA-activated THP-1 human monocytes. The abscissa shows the extracellular
concentrations expressed either in mg/L (TOP) or in x MIC of each drug (BOTTOM; see
footnote® to the Table for Cnax values). The ordinate shows the change in the cfu from the
initial post-phagocytosis inoculum following 72 h of incubation in media at pH 7.4 (LEFT) or at
pH 5.5 (RIGHT). The horizontal dotted line corresponds to the initial inoculum and allows to
calculate the apparent static effect (Cs) of each antibiotic. The data were used to fit Hill curves.
All data are means + SEM of 3 independent experiments. The open symbols in the TOP
panels correspond to the activity at the MIC of each drug.
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Table S1: calculated physicochemical properties of the antibiotics 2

Antibiotics P
Property CIP LVX FIN DOX AZI
% microspecies ¢4
Positive
(2 + charges) 97
Positive 2f
AtpH 7.4 (1 + charge) 1 1
Zwitterionic 95 17 63 47
negative 4 83 37 32¢(21)
Neutral
Positive
AtpH 5.5 (2 + charges) 100
Positive 54 40 8 1
Zwitterionic 46 54 92 98
Negative 3 1
Neutral 3
Isoelectric point ¢ 74 6.2 6.1 5.3 10.88
3.27/7.40/ 8.91/9.57/
h
pKas 5.56/8.77 5.35/6.72 4.33/7.63 8 33/9 25 1243
logD'
AtpH 7.4 -0.9 -0.5 -1.3 -3.64 -1.23
AtpH 5.5 -1.3 -0.3 -1.2 -3.34 -4.14

acalculated using Chemicalize™ (Instant Cheminformatics Solutions; ChemAxon Ltd, Budapest, Hungary; available
from https://chemicalize.com [accessed on 10 Oct 2018 (for fluoroquinolones) and 9 Sept 2021 (for the other
molecules)]

b CIP: ciprofloxacin; LVX: levofloxacin; DFX: delafloxacin; FIN: finafloxacin; DOX: doxycycline, AZI: azithromycin
¢ (non) ionized species in solution at the specified pH
d value in bold is the most abundant form for each drug at the considered pH.

¢ 1 positive charge and 2 negative charges; value between brackets: other species with multiple negative
charges

f respective values for each of the two aminogroups
9 pH at which the molecule is electrically neutral
h acidic/basic dissociation constants

i distribution coefficient (partition coefficient at the specified pH)


https://chemicalize.com/
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