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Abstract  Our  group  isolated  Salmonella  enterica  serovar  Albany  from  food  and  feces  of  wild
captive carnivores  in  a  zoo  from  northwestern  Mexico.  This  serovar  was  also  associated  with  the
death of  an  ocelot  (Leopardus  pardalis)  in  the  same  zoo.  Another  group  associated  S.  Albany
with the  death  of  a  human  patient.  It  is  due  to  this  zoonotic  potential  that  the  in  vivo  study  of  the
host-S. Albany  relationship  is  critical.  The  recombinant  S.  Albany-Ovalbumin  (rSAO)  strain  was
used to  analyze  a  murine  oral  infection  and  its  specific  cytotoxic  T  lymphocyte  (CTL)  response.
Our results  have  shown  for  the  first  time  that  rSAO  establishes  a  systemic  infection  and  evokes
epitope-specific  lysis  with  a  Th1-like  cytokine  profile  in  vivo.

© 2022  Asociación  Argentina  de  Microbioloǵıa.  Published  by  Elsevier  España,  S.L.U.  This  is  an
open access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Abbreviations: rSAO, recombinant S. Albany that expresses Ovalbumin antigen; rSTO, recombinant S. Typhimurium that expresses
valbumin antigen; Ova, Ovalbumin; CTL, cytotoxic T lymphocyte; TNF-�, tumor necrosis factor alpha; IFN-�, interferon gamma; IL,
nterleukin; pi, post-infection; CFU, colony forming units; BHI, brain heart infusion medium.
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Primera  evidencia  de  infección  sistémica  y  respuesta  inmune  celular  citotóxica
específica  evocada  por  la  infección  oral  en  ratones  C57BL/6  con  Salmonella  enterica
serovar  Albany-Ovoalbúmina  recombinante

Resumen  Salmonella  enterica  serovar  Albany  fue  aislada  por  nuestro  grupo  de  investigación
de alimentos  contaminados  y  de  heces  de  animales  carnívoros  en  cautiverio  en  un  zoológico
del noroeste  de  México;  posteriormente,  se  logró  asociar  a  este  serovar  con  la  muerte  de  un
ocelote (Leopardus  pardalis),  dentro  de  este  mismo  zoológico.  Otro  grupo  de  investigación
asoció a  este  serovar  con  la  muerte  de  un  paciente.  Es  debido  a  este  potencial  zoonótico
que el  estudio  in  vivo  de  la  relación  hospedero-S.  Albany  es  crítico.  La  cepa  recombinante
S. Albany-Ovoalbúmina  (rSAO)  fue  utilizada  para  analizar  la  infección  múrida,  al  igual  que  la
respuesta  inmune  celular  citotóxica  específica.  Nuestros  resultados  demuestran,  por  primera
vez, que  rSAO  establece  una  infección  sistémica  y  evoca  lisis  epítopo-específica  con  un  perfil
de citocinas  tipo  Th1  in  vivo.
© 2022  Asociación  Argentina  de  Microbioloǵıa.  Publicado  por  Elsevier  España,  S.L.U.  Este  es  un
art́ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Salmonella  enterica  serovar  Albany  (S.  Albany)  is  clas-
ified  as  a  non-typhoidal  Salmonella. This  serovar  was
reviously  isolated  by  our  group  in  food  and  feces  of  cap-
ive  carnivores  in  a  zoo  located  in  northwestern  Mexico10.
fterwards,  it  was  also  associated  with  the  death  of  an
celot  (Leopardus  pardalis)  in  the  same  zoo9.  Additionally,
his  serovar  was  also  involved  in  a  lethal  case  of  a  65-year-
ld  patient11.  This  zoonotic  and  lethal  potential  support  our
im  to  start  with  the  study  of  important  aspects  about  the
ost-S.  Albany  relationship.  Here  we  analyzed  the  in  vivo
nfection  and  specific  ex  vivo  CTL  immune  response  using  the
ral  administration  of  the  recombinant  S.  Albany-Ovalbumin
rSAO)  strain  in  a  murine  model.

All  the  reagents  used  in  this  study  were  purchased  from
erk  (Mexico).  Once  isolated,  S.  Albany  was  transformed
ith  the  Ovalbumin  (Ova)  gene  using  pST13-OVA,  which
odifies  the  OmpC  porin  from  Salmonella  Typhi  (gently
onated  by  Dr.  Ortiz-Navarrete,  from  CINVESTAV,  México)
o  obtain  our  recombinant  bacterium  designated  as  rSAO.
.  Typhimurium  14028  transformed  with  the  same  plasmid,
esignated  as  rSTO  (also  donated  by  Dr.  Ortiz-Navarrete),
nd  used  as  positive  control.  After  the  transformation,  the
va  expression  was  confirmed  by  Western  blotting  using  a
omemade  mouse  polyclonal  �-Ova  diluted  1:100  as  first
ntibody  and  rabbit  �-mouse  IgG  conjugated  to  horse-radish
eroxidase  diluted  1:3000  as  second  antibody.  The  reactions
ere  revealed  following  protocols  previously  established  in
ur  investigation  group  using  diaminobenzidine  and  H2O2

8.
hree  groups  consisting  of  3  C57BL/6  mice  (6---8  weeks-old)
ach  were  formed.  While  the  first  group  was  orally  infected
sing  106 colony-forming  units  (CFU)  of  rSAO,  the  second
roup  was  infected  with  105 CFU  of  rSTO,  due  to  the  fact  that
.  Typhimurium  was  lethal  for  C57BL/6  mice.  The  mice  in
he  third  group  were  uninfected  as  previously  described2. Six
ours  post-infection  (pi)  the  feces  were  collected,  weighed,
iluted,  homogenized  in  phosphate  buffered-saline  (PBS)  pH

.2  and  plated  on  brain  heart-infusion  (BHI)  agar  supple-
ented  with  ampicillin  at  100  �g/ml;  24  h  after  incubation

t  37 ◦C,  CFU/mg  were  determined  by  colony  counting.

a
t
e

2

he  mice  were  monitored  every  day,  weighed,  and  clini-
ally  analyzed  according  to  the  scale  previously  proposed
or  evaluating  mice  clinical  signs  in  response  to  Salmonella
nfection5. Briefly,  the  following  five  clinical  criteria  were
valuated:  general  activity  level,  posture,  tremors,  fur
ppearance  and  finally  change  in  eating  habits,  which  was
etermined  by  weighing  the  food.  Each  of  these  aspects
as  evaluated  from  a  scale  of  0---2  for  every  mouse,  where

 score  of  0  was  assigned  to  severely  sick  mice,  indicat-
ng  a great  presence  of  the  criteria  evaluated.  This  could
e  evidenced  by  low  activity  or  a  significant  decrease  in
ovement,  a  constant  hunch  over  posture,  the  presence  of

remors,  greasy  fur  appearance  and  a  significant  decrease  in
ppetite.  Likewise,  a  score  of  1  was  assigned  to  moderately
ick  mice  with  a  small  presence  of  the  clinical  sign  evalu-
ted.  Lastly,  a  score  of  2  corresponded  to  healthy  mice  with
o  change  in  activity  or  no  signs  of  sickness5.  At  day  7  pi,
ll  the  clinical  criteria  values  were  added.  If  the  final  value
anged  from  8  to  10,  the  mice  were  considered  healthy;  from

 to  7,  moderately  sick;  and  from  0  to  3,  severely  sick.
fterwards,  the  mice  were  euthanized  and  their  spleens
ere  aseptically  removed,  measured,  and  splenocytes  were
ounted  using  a  Neubauer  chamber  and  Trypan  Blue  0.4%.
o  determine  systemic  infection,  splenocytes  and  bone  mar-
ow  cells  were  lysed  using  1%  TritonX-100,  and  intracellular
acteria  were  plated  on  BHI  agar  supplemented  with  ampi-
illin  at  100  �g/ml;  24  h  after  incubation  at  37 ◦C,  CFU  were
etermined  by  colony  counting.

The  cytotoxic  effector  T  lymphocytes  were  obtained
y  in  vitro  stimulation  with  SIINFEKL  (Kb restricted  OVA-
eptide,  synthesized  by  Sigma-Aldrich,  Mexico)  for  5  days,
ollowing  standard  protocols.  Likewise,  1  ×  106 RMA-S  cells
also  donated  by  Dr.  Ortiz  from  CINVESTAV-IPN)  were  stained
ith  CFSE  and  pulsed  with  SIINFEKL  for  4  h  prior  to  the  inter-
ctions  with  the  cytotoxic  effector  T lymphocytes  (E).  RMA-S
ells  were  deemed  target  cells  (T)  and  effector  cells  were

djusted  to  1:1,  10:1  and  50:1  effector:target  (E:T)  ratios
o  evaluate  antigen  specific  lysis;  any  unspecific  lysis  was
liminated  by  normalizing  the  data  with  results  obtained
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Figure  1  rSAO  causes  systemic  infection  in  C57BL/6  mice.
(A) Ova  expression  by  transformed  S.  Albany;  Lane  1:  molecular  weight  marker,  Lane  2:  crude  extract  S.  Albany  WT,  Lane  3:  crude
extract rSAO,  Lane  4:  positive  control  Ova  protein  fraction  V.  (B)  Clinical  findings  in  mice  orally  infected  with  1  ×  106 CFU  rSAO,
1 ×  105 rSTO  and  uninfected  mice.  (C)  Weight  loss  observed  in  infected  and  uninfected  mice  at  1,  3,  5,  and  7  days  pi.  (D)  CFU  per
milligram of  feces  collected  6  h  pi.  (E)  Increase  in  spleen  size  measured  in  cm  7  days  pi.  (F)  Increase  in  cellularity  observed  in
infected mice  spleens  7  days  pi.  (G)  CFU  per  million  cells  in  infected  mice  spleens  at  7  days  pi.  (H)  CFU  in  total  bone  marrow  cells
at 7d  pi.  (*)  Indicates  statistical  significance  at  p  ≤  0.05  using  Student’s  t  test.  Data  are  means  ±  SEM  (n  =  3  mice  per  group)  from
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hree independent  experiments.  rSAO  and  rSTO  are  recombinan
espectively.

gainst  an  irrelevant  peptide  (TAVIRADN).  The  samples  were
ssessed  on  FACS  Accuri  C6  (BD)  and  analyzed  using  FlowJo
oftware4.

Additionally,  the  sera  of  uninfected  or  infected  rSAO  or
STO  mice  were  collected  on  day  7  pi  and  were  used  to  deter-
ine  the  cytokine  profile  associated  with  the  T  helper  (Th)

ubset  immune  response  using  a  CBA  Mouse  Cytokine  Kit
BD).  For  Th1,  the  cytokines  evaluated  were:  IFN-�, TNF-
,  IL-2  and  IL-6,  for  Th2:  IL-4  and  IL-10  and  for  Th17:  IL-17,
ccording  to  the  manufacturer’s  instructions.  The  data  were
cquired  on  a  FACS  Accuri  C6  (BD)  and  analyzed  using  FlowJo
oftware.  The  data  obtained  were  analyzed  using  Student’s

 test  on  GraphPad  Prism  6,  where  p  ≤  0.05  was  considered
o  be  statistically  significant.

The  Ova  expression  in  our  recombinant  S.  Albany  strain
as  confirmed  by  the  Western  blot  analysis  (Fig.  1A),  where

t  was  possible  to  observe  a  clear  band  of  approximately
5  kDa  in  crude  extract  of  rSAO,  consistent  with  commer-
ial  Ova  as  positive  control  in  lane  4.  The  clinical  findings
f  infected  as  well  as  uninfected  mice  are  summarized  in
igure  1B,  and  can  also  be  observed  in  Supplementary  Figure
,  where  infected  mice  with  rSAO  presented  a  clinical  score
f  5,  which  is  consistent  with  that  of  moderately  sick  mice,
uggesting  that  this  serovar  has  the  capacity  to  cause  char-
cteristic  symptoms  of  an  infection  by  Salmonella. Similar
esults  were  obtained  from  mice  infected  with  the  positive
ontrol  rSTO,  while  the  small  differences  observed  can  be
xplained  by  the  initial  inoculum  concentration.  Both  groups
resented  signs  consistent  with  Salmonella  infection,  which
as  considered  an  initial  indicator  of  the  pathogenic  poten-

ial  of  rSAO.  Various  groups  have  described  that  along  with
he  behavioral  aspects,  mice  tend  to  lose  weight  during

nfection,  and  we  observed  that  mice  infected  with  rSAO
resented  a  total  average  weight  loss  of  16%,  suggesting  that
he  clinical  signs  observed  were  significant  enough  to  cause  a

r
m
r

3

lbany  and  S.  Typhimurium  that  express  the  Ovalbumin  antigen,

ecrease  in  appetite  in  infected  mice,  and  showing  that  rSAO
an  display  its  pathogenic  capability  (Fig.  1C).  To  confirm
his  intestinal  infection,  the  feces  collected  at  6  h  pi  were
lated  and  the  mean  CFU  observed  in  rSAO  infected  mice
as  of  1650  CFU/mg,  showing  no  statistical  difference  with

espect  to  the  rSTO-infected  mice  (Fig.  1D).  These  results
uggest  that  rSAO  can  colonize  the  intestine,  establishing

 gastrointestinal  infection  in  mice.  Our  findings  are  addi-
ionally  supported  by  a similar  infection  study  conducted
ecently,  where  it  was  determined  that  S.  Albany  can  estab-
ish  infection  and  cause  pathological  changes  in  tissue  in
he  small  intestine,  cecum  and  colon7.  To  further  assess  the
nfection  caused  by  rSAO,  the  spleens  were  extracted  on  day

 pi  and  measured;  the  spleens  from  mice  infected  with  rSAO
resented  a  mean  of  0.6  inches  in  length,  exhibiting  a  sta-
istically  significant  difference  with  respect  to  the  spleens
xtracted  from  negative  control  mice  (Fig.  1E).  As  well  as

 visible  increase  in  size,  it  was  possible  to  observe  sim-
lar  macroscopic  characteristics  in  the  spleens  from  mice
nfected  with  the  positive  control  rSTO.  To  demonstrate  the
ossible  increased  cellularity  in  infected  mice  responsible
or  the  increase  in  spleen  size,  splenocytes  were  counted
nd  although  the  values  were  not  statistically  significant,  it
as  evident  that  there  were  approximately  0.5  time  more
ells  in  the  spleens  extracted  from  rSAO  and  rSTO  infected
ice  when  compared  to  spleens  extracted  from  the  non-

nfected  control  group  (see  Figure  1f).  Once  cellularity  was
etermined,  splenocytes  were  lysed  to  assess  rSAO  to  evi-
ence  its  capacity  to  cause  a systemic  infection;  the  mean
bserved  for  CFUs  in  splenocytes  of  rSAO  infected  mice
as  of  3.98  ×  105 per  million  cells  (see  Fig.  1G).  Parallelly,
e  determined  the  bacterial  burden  in  total  bone  mar-
ow  cells  to  further  assess  the  systemic  infection  and  the
ean  observed  was  of  1.87  ×  105 CFUs  in  total  bone  mar-

ow  cells,  demonstrating  the  capacity  of  this  serovar  to
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Figure  2  rSAO  evokes  an  epitope-specific  CTL  response  with  a  Th-1  cytokine  profile  in  vivo.
(A) Percentages  of  specific  lysis  observed  at  effector:target  ratios  1:1,  10:1  and  50:1.  Data  are  means  ±  SEM  from  three  independent
experiments.  (B)  Concentrations  of  cytokines  IFN-�,  TNF-�,  IL-2,  IL-6,  IL-4,  IL-10  and  IL-17A  in  sera  of  infected  mice  7  days  pi.  (*)
Indicates statistical  significance  at  p  ≤  0.05  using  the  Student’s  t  test.  Data  are  means  ±  SEM  (n  =  3  mice  per  group)  from  three
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ndependent  experiments.  rSAO  and  rSTO  are  recombinant  S.
espectively.

stablish  a  systemic  infection  in  mice,  thus  highlighting  its
athogenic  potential  (see  Fig.  1H).  A  possible  explanation,
t  least  in  part,  for  our  data,  can  be  related  to  reports  that  S.
yphimurium  can  cause  systemic  disease  in  C57BL/6  infected
ice,  by  persisting  in  B  lymphocytes  and  precursors  specifi-

ally  within  the  bone  marrow1.  Maybe  rSAO,  as  well  as  rSTO,
re  capable  of  infecting  and  establishing  a  niche  in  memory

 cells  and  thus,  chronic  infection.  However,  more  detailed
tudies  should  be  conducted.

CTL  antigen-specific  lysis  demonstrated  that  effector
ells  obtained  from  rSAO-infected  mice  were  able  to  kill
MA-S  cells  pulsed  with  SIINFEKL,  but  were  inefficient  when
hese  target  cells  were  pulsed  with  an  irrelevant  peptide.
t  is  relevant  to  mention  that  although  splenocytes  were
nfected  with  recombinant  bacteria,  memory  effector  T
D8+ clonal  expansion  was  clearly  decreased  in  the  irrel-
vant  peptide  pulsed  group,  in  contrast  with  the  greater
lonal  expansion  observed  in  the  group  pulsed  with  the  SIIN-
EKL  epitope,  as  shown  in  Supplementary  Figure  3. These
esults  demonstrate  that  although  there  is  small  participa-
ion  of  the  genetic  construction  used,  it  is  not  significant.
ffector  cells  evoked  15.6%  of  specific  lysis  for  1:1  E:T
atio,  45.1%  for  10:1  E:T  ratio  and  60%  for  50:1  E:T  ratio.
herefore,  CTL  from  rSAO  infected  mice  recognize  this  epi-
ope  and  generate  a  Kb-restricted  CTL  response  against  S.
lbany  (Fig.  2A).  To  determine  the  cytokine  profile  evoked
n  vivo  by  rSAO,  the  sera  of  infected  and  uninfected  mice
ere  analyzed,  and  we  observed  a  predominance  of  the
h1-like  cytokine  profile  (Fig.  2B).  Concentrations  of  IL-4

r
c
p

4

ny  and  S.  Typhimurium  that  express  the  Ovalbumin  antigen,

nd  IL-10  were  4  and  5Ypg/ml  respectively.  IL-6  and  IL-2
ere  both  close  to  40Ypg/ml,  TNF-� concentrations  were  of
0Ypg/ml,  but  the  IFN-� concentration  was  the  predominant
ytokine,  reaching  levels  of  200Ypg/ml  in  rSAO-infected
ice.  These  results  were  consistent  with  what  was  observed

n  our  positive  control  group  rSTO,  where  Th1  cytokines  IFN-
,  IL-2,  IL-6  and  TNF-� were  predominant,  further  suggesting
mmune  response  similarities  evoked  by  both  serovars.  Along
ith  the  importance  of  the  Th1  cytokine  profile,  it  has  also
een  reported  that  the  presence  of  IL-17A  along  with  the  Th1
ytokine  profile  is  necessary  in  controlling  Salmonella  infec-
ion.  However,  these  findings  also  show  that  its  presence  is
redominant  in  the  initial  stages  of  infection  because  its  pri-
ary  function  is  the  recruitment  of  neutrophils  at  the  initial

tages  of  inflammation2. Because  we  determined  the  levels
f  all  the  cytokines  in  the  final  stages  of  infection,  this  could
e  a possible  explanation  as  to  why  no  statistical  difference
n  the  levels  of  IL-17A  was  observed  across  our  experimental
roups.  The  secretion  of  Th1  profile  cytokines,  specifically
FN-�, has  been  previously  described  in  S.  Typhimurium
nfections,  where  macrophages  must  be  activated  to  elimi-
ate  the  intracellular  bacteria.  Thus,  these  results  suggest
hat  rSAO  could  establish  intracellular  infection,  evoking
rotective  immunity  in  mice,  which  is  characterized  by  the
ecretion  of  the  Th1  cytokine  profile.

Infection  by  S.  Typhimurium  has  been  thoroughly  cha-

acterized  in  C57BL/6  mice  and  has  been  used  as  the
omparative  gold  standard  model  for  other  potentially
athogenic  Salmonella  serovars3. This  was  consistent  with
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.  Albany,  a  serovar  that  had  not  been  previously  reported
n  our  region,  until  its  isolation  by  our  investigation  group
n  a  zoo  from  northwestern  Mexico,  and  its  further  associa-
ion  with  the  death  of  an  ocelot  (Leopardus  pardalis)  in  the
ame  zoo9,10,  as  it  was  the  first  indicator  of  the  pathogenic
otential  of  S.  Albany.  In  this  study  we  have  demonstrated
or  the  first  time  that  S.  Albany  has  the  pathogenic  potential
o  establish  a  systemic  infection  in  C57BL/6  mice,  display-
ng  the  capability  to  evoke  a  specific  CTL  immune  response.
e  found  that  mice  that  were  orally  infected  with  rSAO
xhibited  similar  nociceptive  signs  as  those  infected  with  the
ositive  control  rSTO,  suggesting  that  rSAO  has  the  capabil-
ty  to  establish  a  systemic  infection  such  as  rSTO.  In  addition
o  these  findings,  we  also  demonstrated  that  rSAO  infected
ice  lost  weight  in  response  to  the  infection,  which  could
e  explained  by  the  loss  of  appetite  caused  by  the  strong
ymptoms  induced  by  the  rSAO  infection.  Likewise,  it  could
lso  be  attributed  to  the  high  energy  expenditure  required
o  fight  off  the  infection,  suggesting  that  rSAO  was  capable
f  establishing  a  strong  enough  infection  to  cause  symptoms
hat  directly  impacted  on  the  mice  appetite  and  therefore
heir  weight.  The  capability  of  rSAO  to  establish  an  infec-
ion  in  the  gastrointestinal  tract  was  demonstrated  by  the
acteria  isolated  from  the  feces  collected  6  h  pi.  The  num-
er  of  colonies  exhibited  no  statistical  differences  compared
ith  rSTO-  infected  mice,  suggesting  that  rSAO  had  the  abil-

ty  to  resist  stomach  acidic  conditions  and  pass  through  the
ntestinal  mucosa  to  start  infection.  This  also  suggests  that
SAO  expresses  a  set  of  vital  virulence  factors  for  estab-
ishing  infection  such  as  Type  III  Secretion  Systems,  Sop  and
nv  proteins,  as  well  as  niche  factors  that  would  allow  it
o  overcome  bile  salts,  high  osmolarity  and  competition
or  nutrients  in  the  intestine;  however,  to  confirm  these
olecular  mechanisms,  more  detailed  studies  should  be  con-
ucted.  It  has  also  been  previously  reported  that  murine
.  Typhimurium  infection  evokes  an  increase  in  spleen  size,
robably  due  to  the  specific  clonal  expansion  of  resident
mmunity  cells  from  this  secondary  immune  organ6.

The  specific  lysis  observed  demonstrated  that  this
esponse  was  specific  for  cells  harboring  the  SIINFEKL
pitope  and  CTL  were  activated  by  the  rSAO  infection,
enerating  a  specific  in  vivo  immune  response.  The  high  con-
entrations  of  IFN-� and  TNF-� obtained  in  our  experimental
onditions  could  explain  the  high  percentages  of  specific
ysis  as  well  as  the  severity  of  the  nociceptive  signs  observed
n  infected  mice,  suggesting  that  although  the  infection  was
trong  enough  to  evoke  an  immune  response,  it  was  prob-
bly  insufficient  to  resolve  the  infection;  however,  a  more
etailed  study  should  be  conducted  to  confirm  this  hypoth-
sis.

We  demonstrated  here,  for  the  first  time  that  S.  Albany
auses  a  systemic  disease  in  C57BL/6  mice  and  has  the
ame  potential  to  infect  other  mammalian  hosts,  includ-
ng  humans,  probably  expressing  a  set  of  virulence  factors,
athogenicity  islands  and  secretion  systems,  although  fur-
her  molecular  analyses  are  needed.  Additionally,  the
solation  of  rSAO  in  bone  marrow  cells  suggest  a  chronic
ystemic  infection,  such  as  human  typhoid  fever.  The  use

f  recombinant  S.  Albany-Ovalbumin  strain  as  an  antigenic
ag  represents  an  important  biotechnological  tool  to  study

n  vivo  immune  responses.  Finally,  the  CTL  immune  response
videnced  here  supports  the  possibility  to  manipulate  the
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ellular  immune  response  to  eliminate  this  bacterium  effec-
ively.
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