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Resumo

A bactéria estreptococos do grupo B (EGB) é a principal causa de infecdes
invasivas severas durante o periodo perinatal, incluindo a pneumonia e a septicémia.
Os recém-nascidos adquirem a bactéria através da ingestdo ou aspiracéo de fluidos
contaminados, durante o nascimento, colocando o EGB em contacto com o sistema
respiratorio. Na realidade, o EGB é a causa mais frequente de pneumonia bacteriana
adquirida durante o nascimento, levando anualmente, a morte de milhares de bebés.
Apesar de varios estudos terem caraterizado a reposta imunitaria neonatal a infecéo por
EGB, a resposta imunitaria local no pulmdo dos recém-nascidos permanece pouco
estudada. Assim, neste estudo, visamos compreender melhor a patogenicidade da
pneumonia por EGB, através da avaliacdo do curso de infegdo e resposta imunitaria
neonatal no pulmao, usando um modelo de infe¢cdo por EGB em murganho estabelecido

pelo nosso grupo.

Com este objetivo, fémeas de murganho C57BL/6 foram inoculadas
intravaginalmente (i.vag) com uma estirpe hiper virulenta de EGB, ou PBS, no décimo
sexto e décimo sétimo dia de gestacdo. A sobrevivéncia, ganho de peso e colonizacéo
dos recém-nascidos foram analisadas nos dias p6s-natal (P) 1, 3 e 5. Os resultados
obtidos revelaram uma elevada colonizagéo nos dias P1 e P3. Verificou-se ainda uma
percentagem de mortalidade de aproximadamente 58% e uma diminuicdo do peso nos
primeiros 5 dias de vida dos murganhos. Para além disto, a avaliacdo histopatolégica
revelou lesBes nos pulmbes dos animais infetados consistentes com pneumonia. Com
o propésito de melhor caracterizar a resposta imunitaria local, a frequéncia e nimero da
populacdo de células mieloides e linfoides foi estudada através da citometria de fluxo,
nos animais ndo infetados e infetados. Os resultados mostram um recrutamento
eficiente de neutrofilos em recém-nascidos. As células T yd também se encontram
aumentadas nos animais infetados. A infecéo bacteriana perinatal induziu, em particular,
a acumulagao de células T yd produtoras da interleucina 17A (IL-17A), uma citocina que
conduz ao recrutamento de neutrofilos. Uma vez que as células T yd estdo também
associadas com a homeostasia do pulméo, reparacao de tecido e manutencdo da
integridade da barreira, estudamos estas células num dia posnatal mais tardio (P15).
Apesar de ndo se terem observado diferencas no nimero total de células T yd entre
grupos, uma percentagem significativa apresenta um perfil consistente com residéncia
nos animais infetados. Isto ndo foi observado nas células do bago em animais

sobreviventes a infe¢do. A avaliacdo histopatoldgica do pulmé&o nesta idade revelou que
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animais infetados apresentam maiores areas de tecido com alteracbes comparando

com animais nao infetados.

Estes resultados levaram-nos a colocar a hipotese de que as células T yd
produtoras de IL-17A proporcionam uma primeira linha de defesa contra pneumonia por
EGB. Contudo, ao usar um murganho geneticamente modificado, sem células T y§&,
TCR&", ndo encontramos um papel protetor destas células durante a fase aguda da
infecdo por EGB, uma vez que ndo foram encontradas diferengas na percentagem de
sobrevivéncia ou na colonizagdo bacterial entre o pulm&o de recém-nascidos TCRd” e

a estirpe selvagem.

Para compreender o que pode estar a levar a morte dos recém-nascidos, estes
foram estratificados por severidade da doenca. Os resultados mostram que a severidade
da doencga esta associada com uma maior colonizacdo bacteriana do pulméo neonatal.
Interessantemente, ndo se observaram diferencas na populacdo de neutréfilos entre
doenca por EGB moderada e severa, estando, no entanto, aumentada em comparacao
com os controlos néo infetados. Contudo, animais com sinais de doenca moderada
apresentaram um aumento significativo de neutrofilos com elevada expressédo do
marcador SiglecF (SiglecF""), o que n&o foi observado em animais com sinais de
doenca severa. Mostramos ainda que estes neutrdfilos tém uma maior capacidade de
fagocitose quando comparados com neutréfilos com niveis baixos de SiglecF. Estes
resultados sugerem que estes neutrofilos séo cruciais para eliminagdo da bactéria do
pulm&o de recém-nascidos. Para além disto, 0s nossos resultados indicam que os
neutrofilos SiglecF"" tém origem em neutrdfilos convencionais no tecido do pulmao,
uma vez que os neutroéfilos circulantes dos recém-nascidos com doenca moderada nao

apresentam este fenétipo.

Adicionalmente, para compreender melhor se a severidade da doenca pode
resultar no aumento de inflamac&o no pulméo, a expressao de genes de citocinas foi
avaliada por RT-gPCR, em P3. Os resultados revelaram um perfil de inflamacéo fraco
com apenas a expressao da citocina pro-inflamatéria Ilb a estar significativamente
aumentada nos animais severos comparando com 0s animais controlo néo infetados. A
expressao de Tnfa, 1133, I117 e 1110 néo foi diferente entre grupos. A expressao de 1117
apenas foi observada em animais com doenca moderada. Para além disto, a analise de
neuropéptidos envolvidos na regulacdo da resposta imunitaria mostrou um aumento
significativo do péptido relacionado com o gene da calcitonina (CGRP), um neuropéptido

conhecido por modelar neutrofilos.

iv
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Por dltimo, para determinar se as diferencas observadas sédo exclusivas do clone
hiper virulento utilizado, foram feitos estudos de infe¢do com uma estirpe de EGB menos
severa (NEM316). Como esperado, a estirpe NEM316 apresenta tragcos menos
virulentos quando comparada com a estirpe hiper virulenta, com recém-nascidos a
apresenta uma maior sobrevivéncia e cargas bacterianas mais baixas no pulméo.
Apesar desta estirpe ter sido menos eficiente no recrutamento de neutréfilos para o local
de infecdo, verificou-se que estes apresentam um aumento do perfil SiglecF"9". Estes
animais também nado apresentaram alteracdes relativamente a expressao de Cgrp, llb e

1110, comparando com o grupo 0s animais nao infetados.

Em conclusédo, nesta dissertacdo, mostramos que pneumonia neonatal severa
por EGB nao esta relacionada com um ineficaz recrutamento de neutréfilos para o local
de infecdo, mas sim com a ativacao do perfil dessa célula efetora. Em acréscimo, os
nossos dados preliminares oferecem nova informacdo numa possivel modulagcdo do

eixo neuro-imune usado pelo EGB para evadir o sistema imunolégico do hospedeiro.

Palavras-chave: Estreptococos do grupo B; infecdo; imunidade neonatal; pneumonia;

pulmé&o; neutrdfilo; SiglecF; neuropéptidos; CGRP
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Abstract

Group B Streptococcus (GBS) is the leading cause of severe invasive neonatal
infections worldwide, including pneumonia and septicaemia. Neonates acquire the
bacteria through ingestion or aspiration of contaminated fluids, during birth, placing GBS
in close contact with the respiratory system. Indeed, GBS is the most frequent cause of
bacterial pneumonia acquired at birth, leading to the death of thousands of infants
annually. Although several studies have characterised the neonatal immune response to
GBS, the local immunity in the neonatal lung remains to be elucidated. Therefore, in this
study, we aim to better understand the GBS pneumonia pathogenesis, by evaluating the
course of infection and the neonatal lung immune response, using a clinically relevant

mouse model of GBS infection established by our group.

For that purpose, C57BL/6 pregnant mice were inoculated with a hypervirulent
strain of GBS, or PBS, intravaginally (i.vag.) at gestational day 16 and 17. Pups survival,
weight gain, and lung colonisation were analysed at postnatal day (P) 1, 3 and 5. The
obtained results revealed a high and detectable colonisation at P1 and P3. A percentage
of mortality of approximately 58% and a decrease in weight gain were also verified in the
first five days of life. Furthermore, the histopathologic evaluation of the lungs revealed
lesions in the infected animals that are consistent with pneumonia. To characterise the
local immune response, the frequency and number of myeloid and lymphoid cell
populations were studied by flow cytometry in the lung of infected and uninfected
animals. Results show efficient recruitment of neutrophils in infected pups. The yo T cells
were also found increased in infected pups. Particularly, neonatal bacterial infection
induced the accumulation of interleukin-17A (IL-17A)-producing y® T cells, a cytokine
that drives neutrophil recruitment. Furthermore, as yd T cells are also associated with
lung homeostasis, tissue repair, and maintenance of barrier integrity, we studied them at
a later time point (P15). Although no differences were observed in the total number of yo
T cells between groups, a profile consistent with residency was found increased in
infected pups. This was not observed in splenic yd T cells. Histopathologic evaluation of
the lung at this time point reveal that infected animals presented larger areas of tissue

with alterations comparing to uninfected controls.

These results led us to hypothesise that IL-17-producing yd T cells provide a first
line of defence against GBS pneumonia. However, using genetic modified mice, that lack
yd T cells, we found no protective role of these cells during the acute phase of GBS
infection as no differences were found in the percentage of survival or bacterial

colonisation in the lung between TCR&" and wild-type pups.
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To understand what could be leading to neonatal death, infected newborns were
stratified by disease severity and analysed. The results show that disease severity is
associated with higher bacterial colonisation in the neonatal lung. Interestingly, no
differences were observed in the neutrophil population between pups with moderate or
severe GBS disease, being both groups significantly increased compared to uninfected
controls. However, pups with moderate signs of disease show a significant increase of
SiglecF"9" neutrophils, which was not observed in pups with severe disease. We further
show that SiglecF"9" neutrophils have higher phagocytic ability when compared to the
SiglecF™9"o% counterparts, suggesting that they are crucial for bacterial clearance in the
neonatal lung. Moreover, our results suggest that SiglecF"9" neutrophils are derived from
conventional neutrophils in the lung tissue, as circulating neutrophils from pups with

moderate disease did not have this phenotype.

To better understand if disease severity could result from increased inflammation
in the lung, the cytokine gene expression was evaluated by RT-qPCR, at P3. The results
revealed a weak profile of inflammation with a significant increase in gene expression
only in the pro-inflammatory cytokine ll1b in severe animals as compared to uninfected
controls. The expression of Tnfa, 1133, 1117 and 1110 was not different between groups.
The expression of 1117 was only observed in pups with moderate disease. Moreover,
analyses of neuropeptides involved in immune regulation show a significant increase in
calcitonin gene-related peptide (CGRP) relative expression in pups with severe disease,

a neuropeptide known to modulate neutrophils.

Finally, to determine whether the observed differences are exclusive of a
hypervirulent clone we performed infection studies using a less severe GBS strain
(NEM316). As expected, the NEM316 strain presents less virulent traits than the
hypervirulent isolate, with pups presenting increased survival and lower bacterial loads
in the lung. Although this strain was less efficient in the recruitment of neutrophils to the
site of infection, they were found to have an increase in the SiglecF"9" profile. These
animals also do not have altered relative gene expression of Cgrp, ll1b, and 110,

compared with the uninfected group.

In conclusion, in this dissertation, we show that severe neonatal GBS pneumonia
does not affect the recruitment of neutrophils to the site of infection, but rather their cell
activation profile. Moreover, our preliminary data offers new insights in a possible

modulation of the neuro-immune axis used by GBS to evade the host immune system.

Keywords: Group B Streptococcus; infection; neonatal immunity; pneumonia; lung;

neutrophil; SiglecF; neuropeptide; CGRP
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versus the total number of animals born. (C) Newborns were weighted at postnatal days
1, 3, and 5. Data are presented as mean + SEM [n=5 (Uninfected); n=12 (Infected)]. (D)
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strain BM110 (Infected) or PBS (Uninfected), at gestational days 16 and 17. Analyses
were performed at the indicated time points. (A) Representative images of lung stained
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Figure 4. Evaluation of myeloid and lymphoid populations during GBS pneumonia
by multiparametric flow cytometry. Pregnant C57BL/6 female mice were
intravaginally colonised with 8x10* CFU GBS hyper virulent strain BM110 (Infected) or
PBS (Uninfected), at gestational days 16 and 17. Animals from uninfected and infected
groups were sacrificed at indicated time points and the lung was collected for flow
cytometry analysis of myeloid and lymphoid cell population. (A) Representative gating
strategy used to define the myeloid cells. Cells where gated in live CD45" cells.
Neutrophils were defined as CD11b*Ly6G", eosinophils were defined as CD11b*Ly6G"
SiglecF*SSC-AMhigh inflammatory monocytes were defined as CD11b*Ly6G Ly6CM".,
(B) Representative gating strategy used to define lymphoid cells. Cells where gated in
live CD45" cells. T cells were defined as CD3"CD19", B cells were defined as CD3"
CD19%, yo T cells were defined as CD3"CD19 y&*. (C) Frequency and number of
indicated myeloid cells. Data is presented as mean = SEM, each symbol represents data
from single pup [n= 6 (P1, uninfected); n=11 (P1, infected); n=11 (P3, uninfected); n=10
(P3, infected); n= 7-8 (P5, uninfected); n=8 (P5, infected)]. (D) Frequency and number
of indicated lymphoid cells. Data is presented as mean + SEM, each symbol represents
data from single pup [n= 6 (P1, uninfected); n=11 (P1, infected); n=5-8 (P3, uninfected);
n=10 (P3, infected); n= 7-8 (P5, uninfected); n=8 (P5, infected). Statistical differences (P
values) between groups are indicated. * P < 0.05; * P < 0.01; *** P < 0.001; ****
P<O.000L ... .ottt ettt ettt e b e s b e b sseae et e b et aa et e et e b e b eraeteebe b e s enteaeete st e e eneenas 25
Figure 5. y& T cells profile during GBS pneumonia. Pregnant C57BL/6 female mice
were intravaginally colonised with 8x10* CFU GBS hyper virulent strain BM110 (Infected)
or PBS (Uninfected), at gestational days 16 and 17. Animals from uninfected and infected
groups were sacrificed at P3 and the lung was collected for flow cytometry analysis of
yo T cells. (A) Representative gating strategy used to define y& T cells and IL-17A and
IFN-y positive cells. Live cells were gated in SSC-A vs CD457 cells. The following cells
were gated within CD45" cells. yd T cells were defined as CD3* y&*. The intracellular
markers IL-17A or IFN-y were analysed withing yd T. (B) Frequency and number of yd T
cells in the respective gate. Data is presented as mean + SEM, each symbol indicates
data from a single pup [n= 4 (uninfected); n= 3 (infected)]. Comparisons by Student’s t-
test. Statistical differences (P values) between groups are indicated. * P < 0.05; ** P <
010 SRR 27
Figure 6. Immunological cell profile and histological analysis after recovery from
neonatal pneumonia. Pregnant C57BL/6 female mice were intravaginally colonised
with 8x10* CFU GBS hyper virulent strain BM110 (Infected) or PBS (Uninfected), at
gestational days 16 and 17. Animals from uninfected and infected groups were sacrificed

at P15. The lung and the spleen were collected for flow cytometry analysis of yd T cells
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and myeloid cells. The lung was also collected for histological analysis. (A) Frequency
and number of yo T cells. Data is presented as mean = SEM [n= 4 (uninfected); n=5
(infected)]. (B) Frequency and number of indicated myeloid cells. Data is presented as
mean = SEM [n= 4 (uninfected); n= 5 (infected)]. (C) Representative contour plots of
tissue resident y® T cell. The profile of tissue resident of yd T cells was define by
CD45*yd"CD96*CD44*CD62L". (D) Frequency of indicated cell populations among yd T
cells. Data is presented as mean + SEM [n= 4 (uninfected); n= 5 (infected)]. (E) H&E
staining was made in P15 animals, and a global histological score was calculated by
adding separated histological scores de specific findings. Data are presented as mean
+ SEM [n=3 (uninfected); n= 3(infected)]. (F) Histological representation of lung in H&E
staining. Scale bars 200pm. Each symbol indicates data from single pup. Comparisons

by Student’s t-test. Statistical differences (P values) between groups are indicated. * P <

Figure 7.Assessment of yd T cells role as first line of defence against neonatal
bacterial pneumonia. Pregnant C57BL/6 (wild-type) or y® T cell receptor-deficient
(Tcrd ™) female mice were intravaginally colonised with 8x10* CFU GBS hyper virulent
strain BM110, at gestational days 16 and 17. (A) Kaplan-Meier survival curve of wild-
type and Tcrd” neonatal mice born, monitored during a 5 days’ period. The numbers in
parentheses represent the number of animals that survived versus the total number of
animals born. (B) Newborn mice were sacrificed at postnatal days 1 and 3 and the lung
bacterial loads were determined. Data are presented as mean [n=10 (P1, WT); n=9 (P1,
Tecrd™); n=13 (P3, WT); n=7 (P3, Tcrd™)]. Each symbol indicates data from a single pup.

Figure 8. Evaluation of lung colonisation and neutrophil population according to
disease severity. Stratification was made by dividing data All (all infected animals),
Moderate (infected animals with moderate signs of disease) and Severe (infected
animals with severe signs of disease). (A) Newborn mice were sacrificed at postnatal
days 3 and the lung bacterial loads were determined by disease severity. Data are
presented as mean [n=13 (all); n=7 (moderate); n=6 (severe)]. (B) Frequency and
number of neutrophils in uninfected, moderate and severe groups. Data is presented as
mean + SEM [n= 11 (uninfected); n= 6 (moderate); n= 4 (severe)]. (C) Representative
gating strategy used to define neutrophils profile. Cells were gated in live CD457 cells.
Neutrophils were defined CD11b*Ly6G*. Profile of neutrophils was defined as
CD11b*Ly6G*SiglecF™ or CD11b*Ly6G*SiglecF™%°% (D) Number of SiglecF"
neutrophils in uninfected and infected animals. Data are presented as mean + SEM
[n=11 (uninfected); n=10 (infected)]. (E) Frequency and number of SiglecF" neutrophils

in the lung of infected pups according to disease severity. Data are presented as mean
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+ SEM [n=11 (uninfected); n=6 (moderate); n=4-5 (severe)]. Each symbol indicates data
from single pup. Comparisons by one-way ANOVA. Statistical differences (P values)
between groups are indicated. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns
B 10) 8= o 1 o= o | SRS 31
Figure 9. SiglecF" ability to clear GBS. SiglecF" and SiglecF"%°" were sorted from
the neonatal mouse lung and infected with 3x10* cells of GBS BM110, at a MOI of 5
bacteria per cell, for 1 h. After this time, cells were washed and further incubated with
culture media containing gentamycin. CFUs were determined by serial dilution plating.
Data are presented in a violin plot and are pooled from two independent experiments
[n=6 (SiglecF™9""); n=5 (SiglecF")]. Each symbol indicates a replica. Statistical
differences (P values) between groups are indicated. Comparisons by Student’s t-test. *
P 005, ettt ettt n et et et et e st et e bente e e st eneetenteneeneens 32
Figure 10. Evaluation of circulating neutrophils in peripheral blood. Pregnant
C57BL/6 mice were intra-vaginally inoculated with 8x10* CFU of GBS hyper virulent
strain BM110 or PBS (uninfected) at gestational days 16 and 17. Analyses were
performed in the progeny at P3. (A) Cell number of circulating neutrophils per mL of
blood. (B) Percentage of SiglecF" neutrophils in circulation. (C) Quantification of SiglecF
on neutrophils, presented as mean fluorescence intensity (MFI). Representative
histograms are shown. Yellow line, infected pups with moderate disease; Grey line,
uninfected pups; Green line, unstained. Data are presented as mean +* SEM [n=4
(uninfected); n=4 (infected)]. Each symbol indicates data from single pup. Comparisons
by Student’s t-test. NS — NOt SIGNIfICANT. .........coovieiiciceccc e 33
Figure 11. Evaluation of inflammatory state of lung and neuropeptide expression
during neonatal pneumonia. Pregnant C57BL/6 mice were intra-vaginally inoculated
with 8x10* CFU of GBS hyper virulent strain BM110 or PBS (Uninfected) at gestational
days 16 and 17. Analyses were performed in the progeny at P3. Relative gene
expression evaluated by RT-gPCR, normalized for the reference gene Hprt. Samples
are stratified by disease severity. (A) Relative expression of the pro- and anti-
inflammatory cytokines Tnfa, ll1b, 1133, 110 and 1I17. (B) Relative expression of the
neuropeptides Nmu, Vip and Cgrp. (C) Relative expression of Areg. Data are presented
as mean * SEM [n=4-6 (uninfected); n=3-5 (moderate); n=2-4 (severe)]. Each symbol
indicates data from single pup. Comparisons by one-way ANOVA. Statistical differences
(P values) between groups are indicated. * P < 0.05; ** P < 0.01; * P < 0.001; ND - Not
(0023 =T o1 (=T o FA OO PSP TR PRPTURTOROPRI 34
Figure 12. Infection study with a less virulent GBS strain. Pregnant C57BL/6 mice

were intra-vaginally inoculated with 8x10* CFU of GBS hyper virulent strain BM110
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(CC17) or the NEM316 strain (non-CC17) at gestational days 16 and 17. (A) Kaplan-
Meier survival curve of neonatal mice born from GBS-colonised dams, monitored during
a 3 days’ period. The numbers in parentheses represent the number of animals that
survived versus the total number of animals born. (B) Newborn mice were sacrificed at
postnatal day 3 and the lung bacterial loads in the lung were determined. Data was also
stratified by disease severity. Data are presented as mean + SEM [n=17 (CC17); n=13
(non-CC17); n=7 (CC17 moderate); n= 6 (CC17 severe)]. (C) Frequency and number of
neutrophils in the lung. Data are presented as mean £ SEM [n=9 (uninfected); n=10 (hon-
CC17)] (D) Frequency of Ly6G*SiglecF" neutrophils in the lung. Data are presented as
mean + SEM [n=9 (uninfected); n=10 (non-CC17)] (E) Relative expression of the
indicated genes analysed by RT-gPCR and normalized for the reference gene Hprt Data
are presented as mean + SEM [n=6 (uninfected); n=5 (non-CC17)]. Each symbol
indicates data from single pup. Comparisons by one-way ANOVA or Student’s t-test.
Statistical differences (P values) between groups are indicated. * P < 0.05; ** P <0.1; ***
P <0.001; **** P < 0.0001; ns — NOt Significant. ..........cccevverieriirieree e 36
Figure 13. Schematic representation of a proposed mechanism by which GBS
hijack the neuro-immune axis to evade the host innate immune system. GBS might
interact and activate nociceptor neurons in the lung, which releases the neuropeptide
CGRP. CGRP appears to hinder neutrophil activation into SiglecFhi neutrophil, a profile

associated with increased bacterial clearance. Figure created in Biorender. ................. 38
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Introduction

1.1. Group B Streptococcus

Group B Streptococcus (GBS), or Streptococcus agalactiae, is an anaerobic
aerotolerant, Gram-positive diplococcus bacteria which causes severe neonatal disease
and mortality. GBS is a commensal organism of the gastrointestinal and vaginal tracts of
healthy adults when limited to the mucous membrane. The gastrointestinal tract acts as
the reservoir of GBS and a source for colonisation of the genitourinary tract in an
intermittent, transitory, or persistent manner (1-3). Nevertheless, GBS can become
infectious and cause invasive diseases in neonates, postpartum women, and
nonpregnant adults with underlying medical conditions, such as immunosuppression (4-
6).

In fact, in neonates, GBS is the leading cause of life-threatening bacterial
infections (4). Invasive neonatal GBS disease has an estimated worldwide incidence of
0.49 per 1000 live births (7). Importantly GBS is estimated to cause the death of 90,000
infants and 57,000 stillbirths annually (8). Several obstetrical risk factors contributing to
heighten the neonatal risk for developing invasive disease exist, including vaginal and/or
rectal colonisation during pregnancy (9, 10), along with colonisation on a previous
pregnancy (1, 2), maternal age (11), intraamniotic infection (1), low birth weight (12, 13),
preterm delivery (9, 11), intrapartum maternal fever, and prelabour rupture of
membranes (PROM) (1, 9).

Most GBS isolates can be classified into ten serotypes (la, Ib, Il to IX) based on
the expression of specific antigens of an important virulent factor, the sialic acid-rich
capsular polysaccharide (CPS) (9, 14, 15). When the CPS cannot be identified, the
isolate is deemed to be nontippable (16). GBS strains can be further grouped into clonal
complexes (CC), based on the allelic variation of seven housekeeping genes (17).
However, the invasive nature of GBS comes not only from the expression of CPS but
from a wide range of other important virulence factors that favour its dissemination and
pathogenesis, such as GBS hyaluronidase (HyIB) that targets and degrades a
component of the host extracellular matrix, the hyaluronic acid (10); GBS serine-rich
repeat glycoproteins (GBS sirr), that binds to host epithelial cells (15); GBS extracellular
protein BsaB, that interacts with the epithelium leading to increased adherence and thus
promoting maternal colonisation and proliferation (10, 15); the surface localized
protease, Cba peptidase, which interferes with the complement mediated

chemoattraction of neutrophils, as C5a is an important unit of this mechanism, and
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therefore protecting from phagocytosis (15, 18); the penicillin-binding protein (PBP1a)
that increases resistance to neutrophil killing (19); GBS alpha C protein, that binds to the
cell surface and promotes internalization of GBS on cervical epithelial cells (20, 21); and
the pore-forming toxin B-hemolysin/cytolysin (B-h/c) that improves dissemination and

supports severe disease in newborns (22, 23).

Furthermore, GBS infection was shown to alter the expression of microRNAs
(miR), a group of small non-coding RNAs that regulate gene expression at the post-
transcriptional level, such as the miR-155-5p, in Macaca nemestrina, which can act as a
biomarker of lung injury, in addition, to altering the expression of fibroblast growth factor
9 (FGP9) leading to aberrant lung development (24). In a murine model of GBS-induced
pneumonia, GBS was also found to increase the expression of miR-223, essential for
the control of neutrophils proliferation and activation (25), which in turn led to the down-
regulation of inflammatory cytokines, such as interleukin-1f (IL-18) and tumour necrosis
factor-a (TNF-a) (26).

1.2. Preventing neonatal infections - current treatment

Despite the efforts to produce a maternal vaccine that would provide active
immunization to the mother and passive protection of the neonate (18, 27, 28), based on
the more common GBS serotypes associated with neonatal disease, namely serotype
la, Ib, 11, I, IV, and V solely or conjugated with GBS surface proteins (2, 3, 27), there is
no commercially available vaccine to prevent GBS infections. The current strategy to
reduce the risk of GBS disease is based on antenatal screening to detect vaginal and/or
rectal carriage of GBS and intrapartum antibiotic prophylaxis (IAP). IAP consists of
administering antibiotics to the pregnant woman 4 hours (h) before birth for maximum
effectiveness. However, it is necessary to control the administration of IAP so there are
no unnecessary antibiotics given to people that do not require it, as it might lead to GBS
antibiotic resistance, as it has been observed in the sensitivity to clindamycin and
erythromycin, or even further the disruption of the gastrointestinal microbiota (2, 27, 29,
30). Therefore, to determine which woman receives this treatment, a set of steps are
usually followed: first a collection of material in the vaginal-rectal zone followed by
cultures and processing to identify the presence of GBS. This type of screening is usually
made between 36 and 37 weeks of gestation (1, 2), and all the women that reveal to be
positive for GBS are recommended for IAP. This strategy is not recommended in

caesarean birth as long as there is not rupture of membranes (1, 2).

Penicillin G is the antibiotic of choice for IAP because it has a more targeted

spectrum of antimicrobial activity against Gram-positive bacteria. However, for people
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allergic to penicillin other antibiotics must be taken into consideration, such as cefazolin

(first-generation cephalosporin), or if there is also susceptibility to cefazolin, clindamycin,

or vancomycin (1).

Furthermore, upon birth, rapid detection of infection and appropriate treatment is
imperative as GBS infection can become life-threatening. When the birth occurs at = 35
weeks of gestation, the risk of infection can be assessed by three different methods:
categorical risk assessment, multivariate risk assessment, and risk assessment based
on the clinical signs from the newborn. These three types of assessment take into
account several factors in order to provide the best follow-up and care to neonates, such
as the presence of clinical signs of iliness, the adequate or inadequate administration of
IAP, and maternal intrapartum temperature. Based on the risk assessed, the newborn
can receive routine care, be placed into clinical observation for a period of 36 to 48 h
and/or be submitted to treatment with the antibiotics together with the performance of
blood cultures (31). If the infant is born with < 35 weeks of gestation, other factors must
be taken into count to classify the newborns risk of GBS infection, such as the conditions
that lead to the premature birth, if the PROM and/or if signals of intraamniotic infection

are present (31).

Upon infection diagnosis, by isolation of the bacteria from usually sterile sites with
respiratory complications, such as pneumonia, exogenous surfactants are usually used
as atreatment. Natural lung surfactant is constituted of a mixture of proteins and complex
phospholipids that delineates and keeps alveoli free of fluid while reducing alveolar

surface tension (32, 33).

1.3. GBS neonatal disease

1.3.1. GBS early-onset disease

Two different syndromes of invasive GBS disease can result from neonatal
infection and are classified by age at onset. The GBS early-onset disease (EOD)
presents itself within a period of 12-48 h until seven days after birth and is characterized
by respiratory distress, followed by septicaemia, pneumonia and, more rarely, meningitis
(1, 2, 9, 10). In this syndrome, the bacteria are most probably acquired by vertical
transmission from the mother to the newborn by aspiration of contaminated amniotic fluid
before delivery, due to the ascension of bacteria from the vaginal mucosa to the utero
and passage through intact membranes, or by aspiration and/or ingestion of vaginal
secretions during delivery (1, 2, 10, 30). In recent years the overall incidence of GBS

EOD has decreased due to the use of IAP. However, this syndrome is still particularly

3
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problematic in preterm neonates as they are associated with a higher incidence of GBS

EOD and a higher mortality rate in comparison to term neonates (27, 31).

The primary organ of the newborn affected by the invasion of GBS is the lung, as
GBS is placed in close contact with pulmonary cells considering that the respiratory
system presents an interface with the environment. This leads to inflammation and
respiratory complications after birth as a result of lung injuries (1, 24, 33). The initial
clinical findings of GBS disease in all infants are acute respiratory signs that mostly lead
to pneumonia which can then progress to acute respiratory distress syndrome (ARDS),
causing severe acute lung injury and hypoxemia (34-36). In fact, GBS is pointed as the
most frequent cause of bacterial pneumonia acquired at delivery and data from fatal
cases demonstrates that a large portion of the infants has evidence of lobar or multilobar

pneumonia (37-39).

1.3.2. GBS late-onset disease

The second syndrome resulting from invasive GBS infection is the late-onset
disease (LOD). In this syndrome, symptoms are present from the seventh day upon birth
until the newborn reaches 90 days, and it manifests more commonly as bacteraemia
without focus and meningitis. The presence of nonspecific signs, such as fever,
irritability, and poor feeding, makes diagnosing an infant with LOD very difficult.
Importantly, LOD is associated with increased mortality and neurocognitive impairment
ranging from mild to severe impairment (11, 27, 40, 41). Currently, this syndrome
presents a higher incidence in newborns than GBS EOD, as a result from the
implementation of IAP that reduced the incidence of GBS EOD. However, this preventive
strategy had no effect on the incidence of GBS LOD (2, 30, 42, 43).

The form of acquisition of LOD is not yet fully characterized but is believed to be
mainly by horizontal transmission through environmental or community sources,
especially in preterm neonates that are required to stay in neonatal intensive care unit
for extended periods of time (1, 9, 12). Nevertheless, vertical transmission cannot be

excluded.

1.4. Innate immunity

Immune cells are mainly divided into two classes, the myeloid cells and the
lymphoid cells, although their share a common precursor, the hematopoietic stem cell
(HSC) in the bone marrow. HSC will then differentiate in multipotent progenitor cells that
will later commit to a cell lineage. Myeloid cells comprise most of the innate immune
cells, such as monocytes that differentiate in macrophages upon migration to infected

sites, and a big part of the dendritic cells (DC) and granulocytes that differentiate in
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basophils, eosinophils, and neutrophils. As for the lymphoid lineage, their cell program
is more directed toward adaptative immunity, with all of the lymphocytes included in this
cell lineage (44, 45).

The innate immune system can be defined as a group of protective measures
that are always present and react rapidly upon external aggression. This system has as
the first line of defence epithelial surfaces, which form a physical barrier between the
environment and the host tissue. At the same time epithelial surfaces also provide
protection against microbes by producing antimicrobial peptides, such as defensins,
cathelicidins and histatins (46). When microbes breach these defences, cells of the
innate immune system, such as macrophages and DC, detect their presence and
phagocytosis is initiated. Activation of phagocytic cells, along with other tissue resident
cells leads to the production and release of pro-inflammatory cytokines, interferons and
chemokines that are responsible for the recruitment of neutrophils, macrophages, natural
killer (NK) cells and later lymphocytes into the injured site with the objective of containing
the infection by Kkilling the invasive agent and disposing of damaged host cells in a
complex process called inflammation (47). Constitutively expressed molecules, such as
complement, add additional molecular mechanisms that act as first line of defence

against invading pathogens (48).

The innate immune system cells recognise microbes by recognising pathogen-
associated molecular patterns (PAMPSs), conserved molecules produced by microbes
that are essential for their survival. The recognition of damage associated molecular
patterns (DAMPSs), which are molecules produced and released by damaged infected
cells also activates the innate immune system and is frequently a signal of infection.
These recognition mechanisms allow the recognition of large groups of pathogens but

never the recognition of a specific agent or antigen (49).

PAMPs and DAMPs are recognized by germline-encoded pattern-recognition
receptors (PRRs) that are present both intra and extracellularly. PRRs are divided into
two classes. The class of the receptors bounded to membranes, namely C-type lectin
receptors (CLRs), that are bounded to the cell surface and Toll-like receptors (TLRs) that
are bound either to cell surface or endocytic compartments. The class of intracellular and
unbounded receptors, specifically retinoic acid-inducible gene | (RIG)-like receptors
(RLRs), nucleotide oligomerization domain-like (NOD-like) receptors (NLRs) and absent
in melanoma 2 (AIM2)-like receptors (ALRs), (Figure 1). This type of receptors
distribution is what allows the recognition microbes in different cellular locations (49-51).

5
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Additionally, scavenger receptors (SR) a superfamily of proteins, can be found either

anchored to the extracellular membrane or secreted (52) .
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Figure 1. Schematic representation of cellular localization of the
pattern-recognition receptors (PRRs) and respective ligands. C-
type lectin receptors (CLRs) are located in the cell surface. Toll-like
receptors (TLRs) era located both in the cells surface and the membrane
of the endosome. Retinoic acid-inducible gene | — like receptors (RLRS),
nucleotide oligomerization domain-like (NOD-like) receptors (NLRs) and
absent in melanoma 2 (AIM2)-like receptors (ALRs) are present in the
cytoplasm. Adapted from (53, 54)

1.4.1 Neonatal immunity and innate immune cells

Newborns are particularly vulnerable to infectious agents because they are still
developing their immune system. Also, they have little immunological memory, which
makes them rely on their innate immune response for protection (55). Yet, the innate
immune system from neonates is tightly regulated and biased towards an anti-
inflammatory state, with decreased production of pro-inflammatory cytokines (ex. TNF-
a, IL-1B) and increase in anti-inflammatory cytokines (ex. IL-10) (55). This tight regulation
exists to prevent excessive inflammatory reactions that could cause harm to the animal
(56).

Neutrophils are a population of innate cells that is highly enriched in the blood.
When an infection occurs, these cells rapidly migrate to the site of infection where they
can survive for 1 to 4 days. Unfortunately, despite the neonates having a higher number
of neutrophils at birth, the migration process is diminished (55, 57-59). The main
mechanism of action of the neutrophil is the phagocytose of microbes, leading to the
production of reactive oxygen species (ROS) (58, 60). The neutrophil can also incur in
neutrophil degranulation in which the proteins of the granule known for having
antimicrobial effect are released, and the production of ROS is also activated. Finally,

the neutrophil can form neutrophil extracellular traps (NETs), composed of extruded DNA

6
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that is associated with antimicrobial neutrophil granule proteins, that bind to microbes
leading to their destruction and inhibiting their dissemination (58, 60, 61). However, in
the neonate neutrophil, both the capacity for phagocytosis and the formation of NETs is
reduced/defective, which has been pointed as one of the main reasons for neonatal
higher susceptible to infections (55, 58). Apart from the phagocytic role, neutrophils
produce inflammatory factors such as cytokines that create a crosstalk with other innate
immune cells leading to the recruitment of monocytes and more neutrophils, and

regulation of macrophages activity (58, 62, 63).

Two other cell types that are short-lived and possess granulocytes are the
basophils and the eosinophils. Contrary to the neutrophils, these cells of types represent
small percentage of circulating leukocytes, and their numbers in neonates are similar to
adults (47, 59, 64-68). During a typical innate immune response, these cells are early
recruited to inflammatory sites, where they release cytokines and chemokines that lead
to the recruitment of more immune cells. Furthermore, these cells release their
granulocyte protein, mainly by degranulation. Most of the proteins have antibacterial
properties, but they can also induce tissue damage or even vasodilatation. (64-69).
Eosinophils in specific show a small capacity of phagocytosis, some capacity of acting
as antigen presenting cells (APCs), and finally upon bacterial infection they can extruded
mitochondrial DNA traps (67). In neonates the basophils have been shown to alter the
function of DC in a manner that creates an imbalance between T helper (Th) 1 /Th2
immune response, with promotion of Th2 immune program (70). Th1 cells produce IL-2
and interferon-y (IFN-y) and have a protective response dependent of phagocytosis. The
Th2 cells produce IL-4, IL-5, IL-11 and IL-13 and are directed to a phagocytic
independent protective response, such as eosinophil activation (71). Indeed, it is also
common in the neonatal period in response, for example, to foreign antigens or infection,
the development of eosinophilia. Eosinophilia is the count of eosinophils higher than

normal which appears to be a reliable indicator of sepsis (72).

Another group of cells that is important in the neonates is the neonatal APCs, to
which the macrophages and DC belong (47, 55, 73). The macrophages are long-lived
cells, that can be found in all organs, where they have phagocytic ability and homeostatic
tissue function (47, 74). They present high heterogeneity, and plasticity, despite the
restricted number of origins, with the tissue resident macrophages having specific
functions and morphology, dependent of the tissue of residence, as it is the example of
the alveolar macrophages. (45, 74-76). Regarding DC, their main function is the
presentation of antigens to T cells in secondary lymphoid tissues. These cells engulf the

pathogen in the site of infection and migrate to a lymphoid tissue where they encounter
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T cells, initiating the adaptative immune response (47, 77). Furthermore, DC can be
characterized in two main groups the conventional DC (cDC) and the plasmacytoid DC
(pDC) (55). In neonates the monocytes and DC have an APC impair activity as they
express reduced levels of molecules of major histocompatibility complex (MHC) class Il.
Moreover, these cells also appear in lower numbers comparing to adults and in different
proportions with neonates having a ratio of pDC to cDC of 3:1 and adults 1:3. These

characteristics lead to a deficient activation of antigen specific T cell responses (55).

Other explanation for the increased susceptibility of neonates to microbial
infection is the altered production of cytokines in response to TLR stimulation, which
possess a clear bias against cytokines that promote Thl cells, contrary to what is found
in adults (55). Another interesting fact regarding the neonatal immune system is the NK
cells. These cells have their highest cell count upon birth. However, when comparing to
adults these cells also have a lower cytotoxic capacity, with decreased cytoplasmatic
granules. They are easily activated by cytokines and contact with DC and macrophages,
but their capacity to produce IL-15, IL-12 and IFN-y is diminished in neonates (55, 78).

Finally, the yd T cells are a very particular group of T cells, presenting
characteristics from both adaptative and innate immunity responses. In fact, yd T cells
are mostly taken as innate immune cells, as they are the first cells to be mobilized upon
infection in response to cytokines, PAMPs and DAMPs (79-81). These cells are also the
first T cells to develop during embryogenesis (80, 81). Upon which, they migrate to
barrier tissues such as the lungs, skin epidermis, meninges, female and male
reproductive tract, and intestinal tract forming a resident population leading to their

definition as tissue-resident immune cells (79, 81-83).

The barrier tissues have a stable commensal community of microorganisms that
shapes the local immune system and influence the resident yo T cells. Exposure to
external aggressions and invasion by pathogens, which can disturb the present
commensal community, will initiate an immune response (84-86). In this scenario, the
activation of the y® T cells can occur directly by the commensal or the pathogenic
microorganisms or indirectly by recognition of pro-inflammatory cytokines, receptors that
bind to viral or bacterial products and stressed cells (87, 88). Upon activation yo T cells
initiate an inflammatory response by expressing the cytokines IFN-y or/and IL-17A,;
promoting the recruitment of DC and help the APC-mediated adaptative immunity

forming a connection between innate and adaptative responses (79, 81, 87, 88).

8
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1.5. Host-pathogen interactions: Innate Immune response to GBS

As already discussed, GBS has the capacity to invade the mucosa epithelium
and enter the tissues, namely respiratory tissues, which normally are the point of
entrance and dissemination of the bacteria (20, 21, 89, 90). However, the lung epithelium
is not an ecstatic barrier and the epithelial lung cells that cover most of the organ, despite
the low phagocytic ability, can directly kill pathogens (91). These cells also act by
secreting cytokines upon recognition of PAMPs through TLR that will recruit
macrophages and neutrophils, two important phagocytic cells. The epithelium lung can
also release a significant amount of antimicrobial proteins and peptides (AMPSs), such as
a-defensis, B-defensis, cathelicidins that are maturated in cathelicidins-LL37 and short
palate lung and nasal epithelium clone 1 (SPLUNC) (91). In particular, cathelicidins-
LL37 has been demonstrated to have an active role against GBS but has a decreased
production at birth compared to adults (92, 93). From recognition by the epithelial lung
cells to tissue invasion, GBS triggers an immune response in the host that, particularly
in neonates, is translated into an innate immune response (94). The predominantly
innate immune cells present in the lung tissue and, therefore, the first to interact with
invasive pathogens are alveolar macrophages, neutrophils, innate lymphoid cells, lung-
resident DC and NK (73, 95). These cells also express PRR triggering a cascade of
responses that are characterized by the production of pro-inflammatory cytokines,

leading to further cell recruitment (96-98).

Macrophages, more than phagocytic cells, are a source of the pro-inflammatory
cytokines TNF-a, IL-12, IL-1B and IFN-B (97, 99, 100). Moreover, resident alveolar
macrophages appear to be the main producers of group IlIA phospholipase A bactericidal
enzyme, known as a crucial protector during GBS systemic infection (101). During GBS
infection, signalling in macrophages through the IL-13 receptor promotes the secretion
of the chemokines macrophage inflammatory protein (MIP)-1a and keratinocyte (KC)
that recruit neutrophils to the site of infection (97). GBS also induces the secretion of IL-
18 by macrophages, DC and neutrophils (99, 102). In DC, the secretion of activated IL-
1B depends on GBS B-hemolysin, which activates the NOD-like receptor family, pyrin
domain containing 3 sensor (NLRP3) of the inflammasome, that ultimately activates the
enzyme caspase-1 that converts the pro-IL-1f in an active cytokine (102). In neutrophils,
the secretion is induced by endosomal and cytosolic signals by TLR7/9/13, a reaction
that also activates caspase-1 necessary for the secretion of activated IL-13 (99). IL-1
is a strong pro-inflammatory cytokine that leads to the influx of neutrophils creating a
positive feedback cycle of these powerful phagocytic cells (99). Furthermore, in vitro

studies have shown that macrophages are a source of IFN-B upon GBS recognition

9
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through TLR7. IFN-B signalling is important for the expression of TNF-a and IL-6, two

important pro-inflammatory cytokines (100).

Another cytokine that appears to have a beneficial role in GBS infection is I1L-12
since its blockage leads to an increase in the severity of sepsis. On the other hand, the
increased expression of IL-12 in response to infection leads to an increased production
of IFN-y (96). The production of IFN-y is also increased in CD4* T cells differentiated in
Th1 upon GBS stimulation, these cells also produce the pro-inflammatory cytokine TNF-
a and IL-2 (103).

Despite the presence of several protective mechanisms, GBS has the ability to
evade the host immune response, leading to increased susceptibility to infection. Some
of these mechanisms are based on the early production of anti-inflammatory cytokine IL-
10 upon TLR2 signalling, which impairs neutrophil recruitment (104). Moreover, B- h/c
inhibits macrophage activation, hindering their phagocytic activity and secretion of pro-
inflammatory cytokine IL-12 (105). Another mechanism is the degradation of DAMP to

non-stimulatory polymers (106).

As described above, during invasive disease GBS induces a strong inflammatory
response that, if left untreated, develops into pneumonia - an acute inflammation of the
lower respiratory tract and lung parenchyma - and even sepsis. (39, 107). To prevent
this development, compensatory mechanisms are at play (26). An animal model using
New Zealand white rabbits showed that infection by GBS enhances the mRNA
expression of natural surfactant proteins SP-A and SP-D (33) but also increases lipid
peroxidation of exogenous surfactant, impairing the therapeutic ability (32). Therefore,
an administration of an exogenous surfactant combined with antioxidants showed
reduced lipid peroxidation (32). The treatment presents multiple benefits for the infected
animal as the surfactant improves the histological state of the lung, reduces the passage
of bacteria from the lung to the bloodstream, bacterial proliferation, and lastly reduces

the inflammatory response in the lungs (33).

As aforementioned, the neonatal innate immune system plays a decisive role in
the protective response against GBS. However, despite progress, neonatal immunity in
the lung against this pathogen remains to be elucidated. Understanding the initial
neonatal immune response against this bacterial pathogen, will significantly inform
fundamental and translational principles of GBS pneumonia pathogenesis repair, of high

clinical interest for developing novel effective therapies.
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Alms

Our group developed a clinically relevant mouse model of GBS infection that
reproduces all the steps of natural infection in human newborns, including pneumonia
(22). As previously referred, the lungs are the first organ of the newborns to contact with

the bacteria and where the infection is first established (1, 30, 38). However, our

knowledge of the protective/detrimental immune response remains largely unknown.

We aim to investigate the natural kinetic of infection in the neonatal lungs and
identify the immune cells invading this organ, as well as their relationship with disease
progression, using a clinically relevant mouse model of infection. To attain this, my

dissertation is divided in the following specific goals:

1. Evaluate the kinetic of bacteria colonisation and histopathology in the neonatal

lung.

2. ldentify the major lymphoid and myeloid cells present in the neonatal lungs

during GBS infection.

3. Evaluate the contribution of the lung immune cells to bacterial clearance and

protection.

4. Determine the expression of cytokines in the neonatal lungs during GBS

disease.
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Material and Methods

2.1. Animals and ethics statement

All experiments were conducted in mice from C57BL/6 background, either WT or
TCR&™. Mice were bred in SPF conditions and maintained under the SPF facility of the
Instituto de Investigacao e Inovagdo em Saude (i3S), Universidade do Porto. Mice were
kept under a 12 h alternating cycle of light/dark. All animal procedures were conducted
following the recommendations of the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other Scientific Purposes (ETS 123) and
Directive 2010/63/EU and Portuguese rules (DL 113/ 2013). The project was reviewed
and approved by the Ethics Committee of the i3S, and by the Portuguese National Entity
Diregéo Geral de Alimentacéo e Veterinaria. The Pl is FELASA C certified.

2.2. Bacterial strains and cultures

GBS strain BM110, belonging to the hypervirulent CC 17 (108, 109), or the GBS
strain NEM316 belonging to the CC23 (17, 110) was cultured overnight (0.n.) in liquid
Todd-Hewitt (TH) medium for a maximum of 15 h. The overnight culture was then
subcultured 1:100 and grown until the mid-log phase corresponding to an ODeoo (Optical
density) = 0.800. At this point the bacterial culture was centrifuged at 4000 rpm (rotations
per minute), at room temperature (RT), for 7 minutes (min) creating a pellet and the
medium was discarded. The pellet was washed twice with a volume of phosphate-
buffered saline (PBS) equal to the discarded volume of medium and in the same
conditions of centrifugation. Bacteria were suspended in PBS to an ODsgo 0f ~0.600 (two
independent measurements were made with values between 0.595-0.605 accepted as
valid), corresponding to a concentration of 2x10® colony-forming units (CFU)/mL. To
prepare the inoculum for mouse infection, the suspension was further diluted to 2x108
CFU/mL.

To evaluate the real number of CFU given to the female mice serial dilutions from
the inoculum were made and 10 uL of each was plated in TH agar, incubated o.n. at 37
°C and the CFU counted.

2.3. Neonatal Mouse Model of GBS pneumonia

In the mouse model of infection for human neonatal GBS disease, pregnant
C57BL/6 and homozygotic TCR&” mice were inoculated intravaginally (i.vag.) with 40 pL
of the inoculum containing approximately 8x10* CFU of GBS at the gestation (G) days
16 and 17. The females delivered spontaneously between G19 and G20, and the pups

were maintained with their mothers during the experimental time. The day following to
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the birth is considered the postnatal day (P) 1. All experiments were controlled with age-

matched mice born from PBS sham progenitors.

2.4. Survival Curves and Weight gain evaluation

The animals born from sham and infected pregnant mice were followed until P5

to monitor their survival curves. The pups weights were also registered until P5.

2.5. Organ harvesting

Pups (both male and female), selected at different time points as indicated in the
text, were deeply anaesthetized by isoflurane inhalation, perfused with saline, and
euthanized by decapitation. The lungs and spleen were aseptically removed and handled
in agreement with its final use. In the case of RNA analysis, samples were snap frozen
and stored at -80 °C until extraction. When needed, blood was drawn from the

mandibular vein using heparin-coated capillaries prior perfusion.

2.6. Lung Colonisation evaluation

At specific time points (from P1 to P5) the collected lung was homogenized in
250 pL of PBS with a pellet pestle and a rotor-stator homogenizer. Following
homogenization, serial dilutions were made in sterile PBS and 10 uL of each dilution was

plated in TH agar and incubated o.n. at 37 °C for CFU enumeration.

2.7. Lung Histopathology

From each pup, at different ages as indicated in the text, the left lobe was excised
and fixed in 10 % buffered formalin. Samples were routinely processed in the TP10120
(Leica®, Wetzlar, Germany) and embedded in paraffin. For staining 3 um thick sections
were cut using the microtome Histocore Autocut (Leica®) and stained with Hematoxylin
and Eosin (H&E) or Giemsa, following standard protocols. The slides were digitalized
using the Pannoramic MIDI Il (3DHISTECH, Budapeste, Hungria), with amplification of
40x and visualized using the software CaseViewer (3DHISTECH).

2.7.1. Histologic lung scores

To study the pulmonary alterations induced by infection, tissue histopathologic
histology was semi-quantitatively analysed, as previously described (111). For analysis,
through H&E sections, pathological features were scored using the scale parameters
present in Table 1 in a blinded fashion by pathologists (Barbara Carvalho and Joana

Santos).
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Table 1. Histological score established for the evaluation of pulmonary alterations

Score Description

0 Absence of histological changes

Parenchymal alterations in 1 to 25 % of the tissue examined

Parenchymal alterations in 26 to 50 % of the tissue examined

Parenchymal alterations in 51 to 75 % of the tissue examined

Al W NP

Parenchymal alterations in 76 to 100 % of the tissue examined

2.8. RNA extraction with phase separation
RNA extraction was made using the Pure link™ RNA Mini Kit (Ambion by life

technologies) with no DNase treatment. The protocol from the kit was followed with few
alterations to the tissue homogenization point. The lung samples were homogenized in
250 L of Trizol, volume used as all samples weighted less than 30 mg, using a rotor-
stator homogenizer and pestles. Upon dissociation 750 pL of Trizol were added to
complete a final volume of 1 mL. At this point the samples were transfer into ice and kept
in it for the possible time as the homogenates were passed first ten times through a 25G
needle and secondly ten times through a 27G needle. This was followed by an incubation
for 5 min at RT, to allow the complete dissociation of nucleoprotein complexes. At the
end of the incubation time, 200 pL of chloroform for each mL of Trizol was added, the
samples were shaken by hand for 15 seconds (s) and incubated at RT for 2-3 min. Next,
a centrifugation for 15 min at 12000 g at 4 °C, on a pre-refrigerated centrifuge, was made,
resulting in the separations of two phases. The aqueous phase (colorless) was carefully
removed using a micropipette, so the interface between the phases is not disrupted, to
an RNase-free tube. Up this point forward the protocol from the kit was followed starting
at the section of Bind RNA. The RNA was eluted in 30 pL of RNAse free water. RNA
quality was evaluated using Experion™ Eukaryote Total RNA StdSens and RNA
concentration was determined using a UV-Vis spectrophotometer, the Nanodrop 1000.

The extracted RNA was stored at -80 °C until use.

2.9. cDNA synthesis

RNA was reverse transcribed into cDNA was using the SuperScript™ IV First-
Strand Synthesis System (Invitrogen by ThermoFisher). 1 pug of RNA was used as
template and 50 uM Oligo d(T)2o primer as primer annealing. As alteration to the protocol
only 0.5 pL of SuperScript™ IV Reverse Transcriptase per reaction tube was used. As
control SuperScript™ IV Reverse Transcriptase was substituted by diethyl
pyrocarbonate (DEPC)-treated water in an extra reaction tube. cDNA synthesized was
stored at -20 °C.
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2.10. Quantitative real time polymerase chain reaction (RT-qPCR)

To evaluate gene level expression RT-gPCR was performed. For this reaction

each well was composed of iTag Universal SYBR Green Supermix (Bio-Rad) (1X),

specific primers (0.5 uM each primer) (Table 2), nuclease- free water and 1 uL cDNA at

1:5 of the stock concentration, to a total of 10 pL per well. For each sample a duplicate

was made on the PCR plate and two negative controls were added by gene: a control

where cDNA was replaced by water to evaluate the existence of contaminations and a

control with the cDNA reaction where SuperScript™ IV Reverse Transcriptase was

substituted by DEPC-treated water to evaluate any genomic DNA contamination. After

all the components and the cDNA were added to the wells, the plate was sealed and

briefly centrifuged. The PCR program used was the following:

® 2 0o T 9

95.0 °C for 3:30 min

95.0 °C for 0:20 min

Temperature of annealing (TA) defined for 0:20 min

Repeat b. and c. x39

Melt curve 55.0 to 95.0 °C, with an increment of 0.5 °C for 0:10 min

Relative gene expression levels were normalized to Hprt using the 24t method.

Table 2. Primer list with sequence and temperature of annealing

Name Sequence (5" > 3’) TA

Areg Fwd: GCAGATACATCGAGAACCTGG 60 °C
Rv: CTGCAATCTTGGATAGGTCCT

l11b Fwd: CAACCAACAAGTGATATTCTCCATG 60 °C
Rv: GATCCACACTCTCCAGCTGCA

Vip Fwd: TGTGCTGTTCTCTCAGTCGC 60 °C
Rv: AAACGGCATCCTGTCATCCA

Corp Fwd: CCTGCAACACTGCCACCTGCG 60 °C
Rv: GAAGGCTTCAGAGCCCACATTG

1133 Fwd: TCCAACTCCAAGATTTCCCCG 60 °C
Rv: CATGCAGTAGACATGGCAGAA

Nmu Fwd: GTCCTCTGTTGTGCATCCGTT 60 °C
Rv: GCGTGGCCTGAATAAAAAGTA

Hprt Fwd: TCAGTCAACGGGGGACATAAA 58/60 °C
Rv: GGGGCTGTACTGCTTAACCAG

Tnfa Fwd:GTGGAACTGGCAGAAGAG 60 °C
Rv: ATGAGAAGAGGCTGAGACA

15
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17 Fwd: CTCAGACTACCTCAACCGTTCCA 58 °C
Rv: TTCCCTCCGCATTGACACA

1110 Fwd: ATTTGAATTCCCTGGGTGAGAAG 58 °C
Rv: CACAGGGGAGAAATCGATGACA

2.11. Cells Isolation
2.11.1. Lung

In order to isolate the lung cells, the collected lung tissue was immediately minced
and placed in a 6-well plate and digested with 2 mL of RPMI 1640 (HyClone™) with 1
mg/mL collagenase-D (Roche) at 37 °C for 30 min. The reaction was stopped with 1 mL
of PBE (2mM EDTA,; 0,5% Bovine Serum Albumin; PBS). The cell mix was passed firstly
through a 20G needle, followed by a 25G, five times in each needle. The suspension
was then filtered through a 100 ym cell strainer and transferred to a 15 mL tube.
Suspensions were centrifuged twice at 70 g for 1 min, at 4 °C, and the supernatant
collected. Finally, cells were centrifuged at 300 g, for 4 min at 4 °C, and the supernatant
discarded. Red blood cells were lysed with 0,5 mL of Ammonium-Chloride-Potassium
(ACK) lyse buffer, washed and resuspended in 100 uL of fluorescence activated cell
sorting (FACS) Buffer [2mM EDTA; 25mM HEPES; 2% fetal bovine serum (FBS), 0,01%
NaNs; Dulbecco’s PBS (DPBS)] for flow cytometry or in Sorting buffer (ImM EDTA;
25mM HEPES; 2% FBS; DPBS) for cell sorting. In the case of intracellular staining, cells
were resuspended in complete RPMI 1640 medium (RPMI 1640, L-Glutamine, 10%

foetal bovine serum, 1% of HEPES and 1% of penicillin and streptomycin).

2.11.2. Spleen
Upon collection the spleen was placed on 5 mL of RPMI 1640 with 2% FBS. The

organ was softly dissociated and passed through a 100 pym cell strainer with a sterile
plastic plunger. Cell suspension was centrifuged for 5 min at 500 g, at 4°C. After

discarding the supernatant, cell pellets were resuspended in FACS buffer.

2.12. Flow Cytometry and Cell Sorting

Isolated cells were counted using trypan blue and Kova slides and a total of 1x10°
cells were placed in 96-well plate for staining. For intracellular staining, cells were further
stimulated in complete RPMI medium with PMA (Phorbol 12-Myristate 13-Acetate; 50
ng/ml, Sigma-Aldrich) and lonomycin (1 pg/mL, Sigma-Aldrich) in presence of Brefeldin
A (BFA) (10 pg/mL, Sigma-Aldrich), for 4 h at 37 °C 5% CO.. Cells were washed with
ice-cold DPBS (without Ca?* and Mg?*) and incubated with a fixable viability dye (FVD,

eFluor506, eBioscience™) at 1:1000, for 30 min on ice. Cells were washed one time
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using 150 pL of FACS buffer or Sorting buffer and incubated with 20 yL of FACS/sorting

buffer containing anti-mouse CD16/32 FcBlock, for 10 min on ice, Cells were then

surface stained with specific prediluted antibodies, for 20 min, on ice.

At this point surface-stained cells were washed twice with ice-cold DPBS, fixed
with 1% formaldehyde (Biotium) in DPBS, for 15 min, at RT, in the dark. Cells were then
washed twice and resuspended in FACS buffer. Regarding the blood, 25 uL of blood
was directly stained and lysed using 1-step Fix/Lyse solution (Thermofisher). Counting
beads (AccuCheck counting beads, Molecular Probes, ThermoFisher Scientific) were

used to quantify the CD45* blood cells, following manufacture instructions.

For cell sorting the surface-stained cells were immediately resuspended in 150

uL of Sorting buffer.

For intracellular staining the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience™) was used. Upon surface staining, cells were incubated in 100 uL of
Foxp3 Fixation/Permeabilization working solution supplemented with BFA, for 30 min, at
4°C. Then, cells were washed with 100 uL 1X Permeabilization Buffer and incubated in
Permeabilization Buffer with rat IgG (Sigma-Aldrich) 1:100 and FcBlock 1:500 for 10 min,
at 4°C. Intracellular staining mix, containing the appropriate antibodies was added and
the cells were incubated for for 1 h, at RT. Cells were washed first in Permeabilization
buffer and then in FACS buffer and resuspended in FACS buffer.

Antibodies used for stating were: anti-CD45-FITC (Biolegend), anti-CD45-PerCP-
Cyb.5 (Biolegend), anti-Siglec-F-PE (BD Pharmingen), anti-Ly6C-PerCP-Cy5.5
(Biolegend), anti-CD11b-Pe-Cy7 (Biolegend), anti-yd-APC (Biolegend), anti-yd-Pe-Cy7
(Biolegend), anti-Ly6G-Pacific blue (Biolegend), anti-Ly6G- APC (Biolegend), anti-Ly6G-
FITC (Biolegend), anti-CD5-PE (Biolegend), anti-CD3-Pe-Cy7 (Biolegend), anti-CD3-
APC-Cy7 (Biolegend), anti-CD19-APC-Cy7 (Biolegend), anti-CD8- PerCP-Cy5.5
(Biolegend), anti- CD4- Pacific Blue (Biolegend), anti-F4/80-APC-Cy7 (Biolegend), anti-
CD69-Pe (Biolegend), anti-CD44- PerCP-Cy5.5 (Biolegend), anti-CD62I-APC
(Biolegend), anti- IFN-y-PE (Biolegend), anti- IL-17-APC(Biolegend).

All incubations were made with protection from light. FVD dilution was in PBS.
FcBlock anti-mouse CD16/32 dilution was in FACS buffer or sorting buffer. Foxp3
Fixation/Permeabilization working solution is Fixation/Permeabilization concentrate with

Fixation/Permeabilization in 1:3. Permeabilization Buffer dilution was in distilled water.

Flow cytometry acquisition was conducted in BD FACSCanto Il, and data was

collected using BD Diva software. Post-acquisition analysis was performed using
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FlowJo. Single staining using beads were used to calculated compensation on FlowJo.
Unstained and single staining performed with cells were used to defined voltages. Gates
for each fluorescent marker were defined using fluorescence minus one (FMO) versus

samples stained with all markers.

Cell sorting was conducted in FACS Aria Il and cells were collected in RPMI

complete media with 5% FBS.

2.13. Bacterial killing assays

For bacterial killing assays, mouse neutrophils were FACS sorted from the lungs
of P5 pups, based on the expression of SiglecF (sialic acid—binding immunoglobulin-like
lectin F) (CD45* Ly6G* CD11b* SiglecF"" and CD45* Ly6G* CD11b* SiglecFe¥"ow),
Experiments were performed as previously described (112, 113). Briefly, neutrophils
were placed in coculture with GBS BM110 with a multiplicity of infection (MOI) of 5, in
200 pL of RPMI complete medium (without antibiotics). The culture plate was centrifuged
at 300 g for 5 min, followed by incubation for 1 h at 37 °C and 5% CO-. Upon incubation
the plate was centrifuged at 1200 rpm for 2 min, the cells were washed two times with
PBS, before they were incubated with 200 pg/mL gentamicin for 30 min, at 37 °C and
5% CO.. The cells were washed twice in PBS and lysed by resuspension in 100 pL of
ice-cold ddH20. The number of intracellular bacteria was determined by dilution and

plating in TH agar medium o.n. at 37 °C.

GBS BM110 alone was place in culture as control for bacterial growth, at the end
of the 1 h incubation, bacteria were diluted, plated in TH agar medium o.n. at 37°C and

CFU was counted.

2.14. Statistical analysis

All data were analysed with the GraphPad Prism software (v.8.4.2, GraphPad
software Inc. CA). Means and standard means (SEM) were calculated, corresponding to
the indicated independent experiments. The log-rank (Mantel-Cox) test was used to
analyse the survival curve. The Student’s t-test was used when analysing two different
groups and One-way Anova when more than two groups were included. CFU were log10
transformed. Differences were considered significant for P < 0.05 and represented by *P
< 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001. The number of samples is express in

each legend.
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This work is part of the study presented as:

Poster on the XLVII Annual Meeting of the Portuguese Society for Immunology, at Lisboa

(20 to 22 April, 2022) - Study of the lung immune response to Group B Streptococcus
neonatal infection (Ana Sofia Teixeira et al.)
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Results and discussion

Although the immune system is known to play a prominent role in protection
against bacterial pneumonia in adults, the mechanisms leading to protective/detrimental
immunity and pathology in the neonatal lungs upon bacterial infection remain to be

elucidated.

Studies of neonatal pneumonia in the human clinical setting are severely limited.
Several experimental models have been exploited to model GBS pneumonia based on
aerosolization, intraperitoneal, intranasal, choriodecidual, and via intratracheal
inoculation routes (19, 33, 101, 114). These models could generate misleading results,
as they use non-natural infection routes, bypassing the mother-to-newborn transmission
of GBS and the normal course of the disease in humans. Our group recently developed
a clinically relevant neonatal mouse model of GBS infection that mimics the natural
infection in human newborns, which leads to pneumonia (22). Thus, in this work, I
investigated the infection progression and disease severity, as well as the immune
response in the neonatal lung, aiming to gain insight into the mechanistic basis of GBS

early-onset disease.

3.1. Characterization of a neonatal mouse model of GBS pneumonia
Our established model was developed in the BALB/c mice (22). Owing to the

utility and applications of models in C57BL/6 mice, such as the availability of several
transgenic mouse lines in this background, we started by adapting our previously
described model for this strain. To this end, pregnant C57BL/6 female mice are i.vag.
inoculated with the GBS hypervirulent strain BM110 at gestational days 16 and 17 and
allowed to deliver spontaneously, as schematized in Figure 2A. Infection in the offspring
was monitored for 5 days. During this experimental period, we evaluated the survival and
general welfare of infected mice as compared to pups born from uninfected control
mothers. At specific time points, we investigated more specific parameters, namely the
weight gain, bacterial burden, and histopathology in the lung.

The survival curve analysis revealed that approximately 58% of pups born from
colonised progenitors succumbed to disease during the first three days of life, with the
highest percentage of mortality (~30%) occurring between PO and P1 (Figure 2B),
possible due to fulminant septicaemia. During the first three days of life, infected pups
had to be humanely euthanised when they began to display severe symptoms, including
poor suckling (no milk spot), purple skin, dehydration, and painful abdominal palpation,

parameters previously defined for the poor neonatal outcome (115). No more deaths



FCUP | 21
Study of the lung immune response to group B streptococcal neonatal infection
were registered after day 3. These results contrast significantly with the percentage of
mortality of 0% observed in the control group, the uninfected animals (Figure 2B).
Interestingly, however, despite close monitoring of infected pups, commonly animals did
not present severe symptoms and died. A possible explanation for this observation is
GBS dissemination leading to quick progression from pneumonia to septicaemia and/or

meningitis and, consequently, entailing animal death.
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Figure 2. GBS vertical transmission leads to lethal neonatal pneumonia. (A) A schematic illustration of the
colonisation model is shown. Pregnant C57BL/6 female mice were intravaginally colonised with 8x10* CFU GBS hyper
virulent strain BM110 or PBS, at gestational days 16 and 17. Figure created in Biorender. (B) Kaplan-Meier survival
curve of neonatal mice born from GBS-colonised dams, monitored during a 5 days’ period. The numbers in parentheses
represent the number of animals that survived versus the total number of animals born. (C) Newborns were weighted
at postnatal days 1, 3, and 5. Data are presented as mean + SEM [n=5 (Uninfected); n=12 (Infected)]. (D) Newborn
mice were sacrificed at postnatal days 1, 3, and 5 and the lung bacterial loads were determined. Data are presented
as mean [n=11 (P1); n=12 (P3); n=6 (P5)]. Each symbol indicates data from single pup. Comparisons by one-way
ANOVA. Statistical differences (P values) between groups are indicated. * P < 0.05; ** P < 0.01; *** P < 0.001; ns —
not significant; DL — Detection Limit.
Furthermore, when comparing the body weight of infected animals with aged-
matched uninfected animals, we verified a significant decrease in all the time points

studied (Figure 2C).

We next evaluated the progression of infection by enumerating the bacterial
colonisation in the neonatal lung at different time points upon delivery. The lung is the
first organ to be in contact with the bacteria during birth due to aspiration of maternal
vaginal secretions during delivery (1, 24, 33). Therefore, it is also where the first
colonisation occurs and where the immune response to the pathogen initiates. The
evaluation of bacterial colonisation in the lungs, through serial dilutions, showed the
maximum burden of bacterial colonisation at P1 with a slight but not significant reduction
at P3. At P5, infection appears to be resolved in the lungs as no bacteria were detected

at this time point (Figure 2D), even though pups still presented decreased body weight.
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This indicates that the infection not only leads to mortality but, as sequel, also
leads to decrease weight gain in the surviving animals, even when the infection appears
to be resolved in P5. Nevertheless, we cannot exclude an active infection as pups could
still be colonised in other organs, such as the liver and the brain, at this time point.
Alternatively, the decreased weight could be a consequence of infection, and reduced
suckling. With age, surviving pups exposed to neonatal infection recovered their weigh

to levels similar to age-matched uninfected controls (data not shown).

GBS EOD is heralded by respiratory complications, including hypoxia and
pulmonary hypertension, that lead to pneumonia (2, 9, 39). Pneumonia is a condition
known to cause histologic alterations in the lung (116). Thus, a relevant way to assess
pulmonary disease severity is the evaluation of the histopathology of infected lungs.
Some of the alterations caused by neonatal GBS pneumonia have already been
described in the 1970s (117). Histologic evidence of lobar or multilobar pneumonia has
been found in 80% of babies that died from EOD (117). However, the analysis was
superficial and obtained from severe fatal cases, and thus more detailed information
regarding lung pathology is needed. Therefore, to characterise in more depth the
alterations caused by GBS pneumonia, H&E staining was made to evaluate histological
alterations. Moreover, Giemsa staining was also performed to evaluate the infiltration of
neutrophils as well as the presence of alveolar macrophages. Histopathology analyses
were made in lung sections from time points with detectable bacterial burden, the P1 and
P3. When observing the lung sections, four anatomic structures were defined, namely
the interstitium, airways, alveoli, and blood vessels. The findings we mainly observed
and used in the histological scores were haemorrhage, congestion, septal thickening,
atelectasis, neutrophil infiltration, and presence of alveolar macrophages (Figure 3A).
Representative images of the temporal development of pathology are shown in Figure
3A.

When comparing the total histological scores, we found that the extent of lung
histopathological alterations in the lung of P1 infected animals do not differ from the
respective age-matched uninfected controls (Uninfected, 7.33 + 0.88; Infected, 9.00 +
1.817). Interestingly, uninfected pups did not present a histopathology score of O,
suggesting that the observed alterations are not a result of infection but rather from the
adaptations of the tissue to the external environment that can still be occurring at P1
(Figure 3B). Nevertheless, the experimental sample size of uninfected controls is
reduced at this time point (n = 3) and needs to be increased to fully validate this

observation.
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Figure 3. Histopathology of the neonatal lung upon GBS pneumonia. Pregnant C57BL/6 female mice were
intravaginally colonised with 8x10* CFU GBS hyper virulent strain BM110 (Infected) or PBS (Uninfected), at gestational
days 16 and 17. Analyses were performed at the indicated time points. (A) Representative images of lung stained with
H&E are showed for each time point. Giemsa staining was made at P3. Scale bars 200pum (H&E: Uninfected, P1 and
P3; Infected, P3); 100 ym (Giemsa: Uninfected, P3. H&E: Infected, P1); 50 um (Giemsa: Infected P3) (B) Global
histological score. Histopathological alterations were evaluated and classified in separated histological scores and
added to give a global histological score. Data are presented as mean + SEM [n=3 (P1, Uninfected); n=5 (P1, Infected);
n=6 (P3, Uninfected); n=8 (P3; Infected)] (C) Summary of histological analysis from the lung of GBS-infected pups at
P3. Data are presented as violin plot showing all points. [n=6 (Uninfected); n=8 (Infected)]. Each symbol indicates data
from single pup. Comparisons by Student’s t-test. Statistical differences (P values) between groups are indicated. * P
<0.05; * P <0.01.



FCUP | 24
Study of the lung immune response to group B streptococcal neonatal infection
At P3, infected animals presented a significant increase in the total histological
score compared to age-matched controls (Figure 3B). When analysing individually each
of these findings, we found that infected animals were characterized by increased septal
thickening, atelectasis, higher neutrophil infiltration, and the presence of alveolar
macrophages (Figure 3C). At this time point, the infection appears to be the factor
leading to a worse condition of the neonatal lung, reflected in a higher histological score.
This result is consistent with a previous observation in a primate model of neonatal GBS
disease, where a high bacterial burden was found in the lungs, with the presence of
interalveolar and interstitial monocytic infiltrates, polymorphonuclear cells in the alveoli,

atelectasis, and loss of alveolar architecture (118).

Collectively, these data indicate that GBS vertical transmission leads to lung

colonisation and pulmonary lesions consistent with pneumonia.

3.2. Immune cellular dynamics during GBS neonatal pneumonia

The neonatal immune response during neonatal GBS infection is thought to be
strongly associated with the progression of infection and disease outcome (104, 119).
However, the host immune response in the site of infection during, and after the onset of
disease, has been poorly characterized. Therefore, we next continued the lung analysis
by mapping of the dynamic of immune response to infection over the pups'’ first five days

of life and compared it to age-matched uninfected animals.

Both myeloid and lymphoid populations were evaluated by multiparametric flow
cytometry at P1, P3 and P5. The gating strategy used to define the populations of

myeloid and lymphoid cells is shown in Figure 4A and Figure 4B, respectively.

Within the myeloid cells three cell populations were studied, the eosinophils, the
inflammatory monocytes, and the neutrophils. We found a significant decrease in the
frequency of eosinophils at P1 and P3 in the lungs of infected pups when compared to
uninfected controls (Figure 4C). However, their total number did not differ between
groups (Figure 4C). By P5 although its relative percentage was similar between groups,
the numbers were significantly increased in infected animals (Figure 4C). The
inflammatory monocytes have a different profile in infected animals as their frequency
was a significantly higher at P1. Regarding cell numbers, infected animals presented
increased values when compared to uninfected controls, reaching significance at P3 and
P5 (Figure 4C). Analyses of neutrophils showed a tendency towards higher numbers at
P1 and a significant increase in both the frequency and numbers in infected animals at

P3 compared to the uninfected control neonates. This increase in numbers was still
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observed at P5 (Figure 4C). This recruitment of neutrophils into the infected organ is

consistent with a protective immune response, aiming to eliminate bacteria.
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Figure 4. Evaluation of myeloid and lymphoid populations during GBS pneumonia by multiparametric flow
cytometry. Pregnant C57BL/6 female mice were intravaginally colonised with 8x10* CFU GBS hyper virulent strain
BM110 (Infected) or PBS (Uninfected), at gestational days 16 and 17. Animals from uninfected and infected groups
were sacrificed at indicated time points and the lung was collected for flow cytometry analysis of myeloid and lymphoid
cell population. (A) Representative gating strategy used to define the myeloid cells. Cells where gated in live CD45*
cells. Neutrophils were defined as CD11b*Ly6G*, eosinophils were defined as CD11b*Ly6G SiglecF*SSC-Anhish,
inflammatory monocytes were defined as CD11b*Ly6GLy6C"9", (B) Representative gating strategy used to define
lymphoid cells. Cells where gated in live CD45" cells. T cells were defined as CD3*CD19', B cells were defined as CD3
CD19%, yo T cells were defined as CD3*CD19 y&*. (C) Frequency and number of indicated myeloid cells. Data is
presented as mean + SEM, each symbol represents data from single pup [n= 6 (P1, uninfected); n=11 (P1, infected);
n=11 (P3, uninfected); n=10 (P3, infected); n=7-8 (P5, uninfected); n=8 (P5, infected)]. (D) Frequency and number of
indicated lymphoid cells. Data is presented as mean + SEM, each symbol represents data from single pup [n=6 (P1,
uninfected); n=11 (P1, infected); n=5-8 (P3, uninfected); n=10 (P3, infected); n= 7-8 (P5, uninfected); n=8 (P5,
infected). Statistical differences (P values) between groups are indicated. * P < 0.05; ** P < 0.01; *** P < 0.001; ****
P<0.0001

Regarding the lymphoid cells, we studied the B cells, the T cells and the y0 T
cells. Between these three cells populations, the one that is markedly altered in the
infected neonates is the specific subset of T cells, the yd T cells, as it has a significant
increase in numbers at P1 and a significant increase both in frequency and numbers at
P3 and P5, suggesting that they could be recruited or expanding in response to infection
(Figure 4D). As for the total CD3" T cells, this population only showed a significant
difference in cell counts at P5, with a higher number of cells in infected pups when
compared with controls (Figure 4D). The frequency of B cells quickly increased from P1

to P3 in control pups. This was not observed in infected animals, which presented a
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significant decreased percentage at P3. By P5, no differences were observed in the

frequency of B cells between groups (Figure 4D).

Overall, the frequencies found in the uninfected control pups are in accordance
with a previous report showing that granulocytes peak in the lung at P1, decreasing
thereafter, while eosinophils increase (120). Similarly, to their results, T and B cells were
very low after birth and gradually increased over time (120). We and others have
previously shown that during neonatal GBS infection, bacterial clearance is commonly
attributed to neutrophils, the most abundant circulating leukocyte (97, 104, 121, 122).
Here, we found that infected pups were able to efficiently recruit these effector cells into

the lung early upon infection.

Neutrophil recruitment to infected tissues, hallmarks of inflammation and bacterial
infections, is in part driven by IL-17A. IL-17 triggers stromal cells in the bone marrow to
produce granulocyte colony-stimulating factor (G-CSF), which promotes neutrophil
development and release into the circulation (123). Indeed, IL-17A plays an essential
role in lung immunity to bacterial infections (124-128) . Thus, we sought to determine
whether this cytokine was increased during neonatal pneumonia and its cellular source.
yo T cells are a population of innate-like lymphocytes and an important source of IL-17A,
and we have found that these cells were increased during neonatal GBS pneumonia. yd
T cells are the first T cells to appear in the thymus during development, presenting
characteristics from both adaptative and innate immunity responses, as they can be
rapidly mobilized and expanded upon infection in response to cytokines, PAMPs and
DAMPs, and recognize a wide range of antigens, even during infancy, while also
expressing the hallmark of adaptive immunity, the T cell receptor (TCR) (79-81). After
their egress from the thymus, y® T cell subsets establish residency in predetermined
locations, preferentially at barrier sites, such as the lung (80, 88). In mice, yd T cells are
mainly characterized by their development to produce, except in rare occasions, IFN-y
or IL-17A (129, 130).

We pursued a more thorough study of the y® T cells profile, with the evaluation
through flow cytometry of the production of IFN-y or IL-17A. The time point studied was
P3, as it was shown to be a time point where the immune response is actively taking
place, with animals presenting higher pulmonary pathology while also coinciding with the
start of the alveolar phase of lung development (120). The gating strategy used to define
the yd T cells population and IFN-y- or IL-17A-producing yd T cells is shown in Figure
5A.
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Figure 5. yd T cells profile during GBS pneumonia. Pregnant C57BL/6 female mice were intravaginally colonised
with 8x10* CFU GBS hyper virulent strain BM110 (Infected) or PBS (Uninfected), at gestational days 16 and 17.
Animals from uninfected and infected groups were sacrificed at P3 and the lung was collected for flow cytometry
analysis of yd T cells. (A) Representative gating strategy used to define yd T cells and IL-17A and IFN-y positive cells.
Live cells were gated in SSC-A vs CD45* cells. The following cells were gated within CD45" cells. yd T cells were
defined as CD3* y&*. The intracellular markers IL-17A or IFN-y were analysed withing yd T. (B) Frequency and number
of yd T cells in the respective gate. Data is presented as mean + SEM, each symbol indicates data from a single pup
[n= 4 (uninfected); n= 3 (infected)]. Comparisons by Student'’s t-test. Statistical differences (P values) between groups
are indicated. * P < 0.05; ** P < 0.01.

Our results show that yd T cells were predominantly IL-17A-producers in the lung
of neonatal mice, although IFN-y-producers could also be detected. Although in both
cases, infection led to increase frequency of IL-17A- and IFN-y-producing yo T cells, this
increase was more pronounced in the IL-17A subset (Figure 5A and 5B). Upon gating
on IL-17-positive cells, we found that the lungs of pups infected with GBS presented high
frequencies of yd T cells among total IL-17-producing cells, accounting for approximately

70% of total IL-17-producing cells in this tissue (Figure 5B).

Collectively, these data show that neonatal yd T cells quickly respond to infection
and are a primary source of IL-17A in response to bacterial challenge. Moreover, our
results suggest that this mechanism might have an important role in bacterial clearance,
where yd T cells produce IL-17A leading to the recruitment of neutrophils into the lungs

and likely inducing the production of antimicrobial peptides (80, 87, 130).

Interestingly, yd T cells have also been associated with lung homeostasis, tissue
repair and maintenance of barrier integrity (e.g., by promoting epithelial cell survival) (80,
131). Therefore, to investigate whether yd T cells could remain altered due to the
infection at later time points, we studied animals at P15. We chose to analyse this time
point as it entails the peak of the pulmonary immune system development in the

alveolarisation period and the beginning of microvascular maturation (120).
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Firstly, it is important to note that for this part of my dissertation, we used the
spleen as a term of comparison for the lung, considering that this organ reflects the state

of the systemic immune system of the mice (132).

No differences were observed in the number of yd T cells between infected and
uninfected animals in both organs (Figure 6A). Evaluation of the number of myeloid cells
(eosinophils, inflammatory monocytes, and neutrophils) also revealed no differences

between groups (Figure 6B).

Immunological memory is a hallmark of the adaptive immune system. yo T cells
have the hallmark ability of resident memory aff T cells and adaptive-like responses to
undergo rapid stimulation and expansion upon a secondary infection (79, 133, 134).
Therefore, we also analysed the residency profile of yd T cells using the gating strategy
presented in Figure 6C. This gating strategy allowed us to determine the expression of
the residency markers CD69, CD44 and CD62L. The residency profile is known to have
an upregulation of CD69 (135, 136) and CD44 (137-139), whereas CD62L is
downregulated (140, 141). This analysis revealed that yd T cells present in the lung of
P15 infected animals might have the same number, but their profiles are different from
the cells in uninfected controls, as animals that survived neonatal pneumonia showed a
significantly higher percentage of cells with the CD69*CD44*CD62L" tissue residency
profile (Figure 6D). This phenotype was not observed in the spleen (Figure 6D). Overall,
these results suggest that although yd T cells numbers were similar to controls after
bacterial clearance, they reside in the lungs following neonatal pneumonia as tissue-
resident cells and might have the capacity to rapidly expand following secondary

challenge.

To complete this section of our study a histological evaluation of lung was made,
and a histological score was attributed. The infected animals presented a larger area of
tissue with histopathological alterations, with at least three findings present at the same
time. This is reflected in a significantly higher histological score for the infected animals,
meaning that these animals might have respiratory sequels due to neonatal infection
(Figure 6F). Early life exposures to environmental challenges are known to be associated
with airway immune disorders (142). The hypothesis that survivors to neonatal GBS
pneumonia could have subsequent changes on adult lung homeostasis and host defence

was not explored.

We hypothesized that IL-17A-producing yd T cells provide a first line of defence
against GBS pneumonia. To determine the contribution of yd T cells to host protection

against GBS disease, survival and bacterial colonisation studies were made in
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Figure 6. Immunological cell profile and histological analysis after recovery from neonatal pneumonia.
Pregnant C57BL/6 female mice were intravaginally colonised with 8x10* CFU GBS hyper virulent strain BM110
(Infected) or PBS (Uninfected), at gestational days 16 and 17. Animals from uninfected and infected groups were
sacrificed at P15. The lung and the spleen were collected for flow cytometry analysis of y& T cells and myeloid cells.
The lung was also collected for histological analysis. (A) Frequency and number of yd T cells. Data is presented as
mean + SEM [n= 4 (uninfected); n= 5 (infected)]. (B) Frequency and number of indicated myeloid cells. Data is
presented as mean + SEM [n= 4 (uninfected); n= 5 (infected)]. (C) Representative contour plots of tissue resident yd
T cell. The profile of tissue resident of yd T cells was define by CD45"yd"CD96*CD44*CD62L". (D) Frequency of
indicated cell populations among yd T cells. Data is presented as mean + SEM [n= 4 (uninfected); n= 5 (infected)]. (E)
H&E staining was made in P15 animals, and a global histological score was calculated by adding separated histological
scores de specific findings. Data are presented as mean + SEM [n=3 (uninfected); n= 3(infected)]. (F) Histological
representation of lung in H&E staining. Scale bars 200pm. Each symbol indicates data from single pup. Comparisons
by Student’s t-test. Statistical differences (P values) between groups are indicated. * P < 0.05
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Figure 7.Assessment of y8 T cells role as first line of defence against neonatal bacterial pneumonia. Pregnant
C57BL/6 (wild-type) or y& T cell receptor-deficient (Tcrd”) female mice were intravaginally colonised with 8x10* CFU
GBS hyper virulent strain BM110, at gestational days 16 and 17. (A) Kaplan-Meier survival curve of wild-type and Tcrd
"neonatal mice born, monitored during a 5 days’ period. The numbers in parentheses represent the number of animals
that survived versus the total number of animals born. (B) Newborn mice were sacrificed at postnatal days 1 and 3 and
the lung bacterial loads were determined. Data are presented as mean [n=10 (P1, WT); n=9 (P1, Tcrd™); n=13 (P3,
WT); n=7 (P3, Tcrd™)]. Each symbol indicates data from a single pup.

homozygotic TCR&” mice. Surprisingly, no differences were found in the survival
between TCRd” pups compared with isogenic C57BL/6 control mice (Figure 7A).
Moreover, the bacterial colonisation in the lung of TCR&" pups did not differ from the
WT, at P1 and P3 (Figure 7B).

Our results suggest that, contrary to what we initially believed, yd T cells do not
have a protective role in the acute phase of GBS infection. However, we cannot exclude
their impact on bacteria clearance as, unfortunately, until the date of delivery of this
dissertation, it was not possible to include later time points. It would be interesting to
address whether TCR&™ mice are efficiently able to eliminate GBS from the lung at later
time points. It is possible that the recruitment of neutrophils is not impaired in TCR3"
pups, as there are other contributing factors, including chemokines and the adhesion
cascade involved in neutrophil extravasation. Moreover, it has been proposed that y& T
cells participate in the resolution of inflammation following bacterial clearance, in a
mouse model of acute Streptococcus pneumoniae lung inflammation, by promoting
cytotoxicity against mononuclear phagocytes to decrease numbers to homeostatic levels
(143). Thus, pulmonary histopathology, immune cells profiling and inflammatory
mediators, such as pro-inflammatory cytokines, should also be evaluated in these

animals.

3.3. GBS neonatal pneumonia leads to accumulation of SiglecF

expressing neutrophils

To understand what could be leading to animals’ death, we stratified our analysis

by disease severity. The time point studied was P3, as we have found that it is a time
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point with detectable bacterial burden and where an active immune response is
occurring. Furthermore, P3 is a time point where the signs of physical distress in severe

animals are clearly manifested, and we can determine precisely which animals will live

or die.
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Figure 8. Evaluation of lung colonisation and neutrophil population according to disease severity. Stratification
was made by dividing data All (all infected animals), Moderate (infected animals with moderate signs of disease) and
Severe (infected animals with severe signs of disease). (A) Newborn mice were sacrificed at postnatal days 3 and the
lung bacterial loads were determined by disease severity. Data are presented as mean [n=13 (all); n=7 (moderate);
n=6 (severe)]. (B) Frequency and number of neutrophils in uninfected, moderate and severe groups. Data is presented
as mean = SEM [n= 11 (uninfected); n= 6 (moderate); n= 4 (severe)]. (C) Representative gating strategy used to define
neutrophils profile. Cells were gated in live CD45" cells. Neutrophils were defined CD11b*Ly6G". Profile of neutrophils
was defined as CD11b*Ly6G*SiglecF" or CD11b*Ly6G*SiglecF™¥°, (D) Number of SiglecF" neutrophils in uninfected
and infected animals. Data are presented as mean + SEM [n=11 (uninfected); n=10 (infected)]. (E) Frequency and
number of SiglecF" neutrophils in the lung of infected pups according to disease severity. Data are presented as mean
+ SEM [n=11 (uninfected); n=6 (moderate); n=4-5 (severe)]. Each symbol indicates data from single pup. Comparisons
by one-way ANOVA. Statistical differences (P values) between groups are indicated. * P < 0.05; ** P < 0.01; *** P <
0.001; **** P < 0.0001; ns - not significant.

We immediately observed in this stratified evaluation that severe animals did not
have the same capacity to control infection as those with moderate disease, as they
presented significantly higher bacterial colonisation in the lung (Figure 8A). Based on
previous results (Figure 4C) showing that infected pups can recruit neutrophils to the
lung in early time points of infection, we appraised if this population was altered in severe
animals. The obtained results showed that both pups with moderate or severe disease
had significantly higher frequency and numbers of neutrophils than the uninfected
controls (Figure 8B). Surprisingly, no differences were observed in this population
between pups with moderate or severe GBS disease (Figure 8B). When we analysed

deeper the lung neutrophils phenotype during neonatal pneumonia, we unexpectedly
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found a neutrophil population that coexpressed the eosinophil-specific surface marker
SiglecF (Figure 8C). The SiglecF" subset was found higher in numbers in infected
animals (Figure 8D). This population was rare in uninfected animals. Furthermore, the
pups with moderate signs of disease presented a significant increase in the frequency of
SiglecF" neutrophils within the neutrophil population. This increase was not observed in
the severe animals, suggesting that this population could be important for bacterial

clearance and survival (Figure 8E).

To study whether SiglecF" neutrophils have increased capacity to clear bacteria,
we sorted neutrophils from the neonatal lung, based on their expression of SiglecF
(CD45*Ly6G* CD11b* SiglecF" and CD45* Ly6G* CD11b* SiglecF"™9"°%), and performed
a bacterial killing assay. Neutrophils from both subsets were incubated with GBS
(MOI=5), and the percentage of phagocytosis was obtained. The results revealed a
significant increase in the percentage of phagocytosis by the SiglecF" subset (Figure 9).
This result sustains our hypothesis that this population can be important for bacterial

clearance in the lung during neonatal GBS pneumonia.
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To gain further knowledge on the origin of the SiglecF" neutrophils in the neonatal
lung during GBS pneumonia, we searched for this population in the peripheral blood of
infected pups and compared it with uninfected controls at P3. The objective of this
analysis was to determine if the circulating neutrophils found in pups with moderate
disease already presented this phenotype and therefore contributing to the population
observed in the lungs, or if the expression is similar to uninfected animals indicating that
SiglecF9"°" neutrophils acquires the profile of SiglecF" neutrophils by stimuli given by

the lung environment.

The results show that the number of total circulating neutrophils as well as the
frequency of the SiglecF"9" subset among neutrophils did not differ between groups

(Figure 10A and 10B). Moreover, analysis of the mean fluorescence intensity (MFI)
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showed no differences in the levels of SiglecF expression in the cell surface (Figure
10C).

Altogether these results suggest that the neutrophils develop a SiglecF" profile
in the lung where they contribute to bacterial clearance. SiglecF-expressing neutrophils
were discovered only very recently and have been implicated in several diseases,
including lung tumour, infarcted heart, airway inflammation and allergy, chronic kidney
disease, and bacterial infection (125, 144-149). These cells have been shown to have
higher ability to produce ROS and form neutrophil NET(125, 145), which could lead to
increases capacity to control bacteria in our model. We are now trying to identify the

factors that induced conventional neutrophils to convert into SiglecF".
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Figure 10. Evaluation of circulating neutrophils in peripheral blood. Pregnant C57BL/6 mice were intra-vaginally
inoculated with 8x10* CFU of GBS hyper virulent strain BM110 or PBS (uninfected) at gestational days 16 and 17.
Analyses were performed in the progeny at P3. (A) Cell number of circulating neutrophils per mL of blood. (B)
Percentage of SiglecF" neutrophils in circulation. (C) Quantification of SiglecF on neutrophils, presented as mean
fluorescence intensity (MFI). Representative histograms are shown. Yellow line, infected pups with moderate disease;
Grey line, uninfected pups; Green line, unstained. Data are presented as mean + SEM [n=4 (uninfected); n=4
(infected)]. Each symbol indicates data from single pup. Comparisons by Student’s t-test. ns — not significant.

3.4. Local inflammatory response during GBS neonatal pneumonia

Finally, we investigated possible differences in cytokine gene expression as a
result of disease severity at P3. To this end, the expression of pro- and anti-inflammatory
cytokines genes was analysed by RT-qPCR. The relative gene expression level is

presented after normalisation to the reference gene Hprt.

The expression of the pro-inflammatory cytokine Il1b was significantly increased
in severe animals as compared to uninfected animals. A tendency towards higher
expression was also observed when severe animals were compared to the moderate
group (P = 0.0827) (Figure 11A). The expression of Tnfa, 1133 and 1117 was not different
between groups, although a tendency to increase expression of Tnfa in severe animals
was observed (Figure 11A). The expression of 117 was only observed in pups with

moderate disease, but no differences were found among the groups (Figure 11A). The
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expression of the anti-inflammatory cytokine 1110 also showed a tendency for

upregulation in severe animals (Figure 11A).

These results contradict our hypothesis as we expected a profile of inflammation
more heightened in the infected animals, particularly in the severe group. Nevertheless,
the expression of cytokines such as IL-13 can be regulated post-transcriptionally, for
example by miR-223 (25). Therefore, to clarify whether the observed expression levels
are correlated at the protein level, in the future, we will perform protein quantification in

the neonatal lung using immunoassays such as ELISA (Enzyme-Linked Immunosorbent

Assay).
Tnfa b 1133 no nz
P =0.0898
30 P =0.0567 100 25 15 250
= P * = = o) &
s o S 80 5§20 & S 200
§ - % P=0.0827 @ 2 10 2
< <£ 60 <£15 < £ < £ 150
P o z o o =z o (=%
£s 3 ° £3 & T uzé 5
o o (] = o o
2. g 40 P 210 . o g 100
3 3 20 B 05 K B 50
2 (3 -
- OO -~ O -~ -~ - -
0 0 PuSyluepiin 0.0 [ e 0-—Ep—f~—
& @ & &P P &P & & P ¥
& & e & @ & ¥ 3
& Sl & & R
& W & S & W &
B Nmu Vip Cgrp c Areg
P =0.0636
2.0 | 3
= P=0.0919 = = z
2.5 L *okk =} 221
= %k
28,1 L. ] 28 28 g
x 310 ) ) )
Eg 2.l Eg Eg
o5 ZP s s kS
g £ £ =
& o 88
0.0 T T T o T T T
@ 2 @ 3 @ > @ @
é}?fb & 6\0‘ ,;?'06 & o“é & & s\e‘ £ & 040‘
R & & & & & & o
& W & R & W

Figure 11. Evaluation of inflammatory state of lung and neuropeptide expression during neonatal pneumonia.
Pregnant C57BL/6 mice were intra-vaginally inoculated with 8x10* CFU of GBS hyper virulent strain BM110 or PBS
(Uninfected) at gestational days 16 and 17. Analyses were performed in the progeny at P3. Relative gene expression
evaluated by RT-gPCR, normalized for the reference gene Hprt. Samples are stratified by disease severity. (A) Relative
expression of the pro- and anti-inflammatory cytokines Tnfa, lI1b, 1133, 1110 and 1117. (B) Relative expression of the
neuropeptides Nmu, Vip and Cgrp. (C) Relative expression of Areg. Data are presented as mean = SEM [n=4-6
(uninfected); n=3-5 (moderate); n=2-4 (severe)]. Each symbol indicates data from single pup. Comparisons by one-
way ANOVA. Statistical differences (P values) between groups are indicated. * P < 0.05; ** P < 0.01; *** P < 0.001; ND
- Not detected.

It is becoming increasingly recognized that the regulation of immunity by the
nervous system is essential for proper tissue homeostasis and protection. Only in recent
years studies have shown that peripheric neurons, such as sensory neurons, can locally
release neuropeptides which in turn can regulate immunity through signalling via
functional neuropeptides receptors expressed by these cells (150, 151). Pulmonary
neurons express several neuropeptides including neuronal-derived vasoactive intestinal
peptide (VIP), Substance P, neuromedin U (NMU) and calcitonin gene-related peptide

(CGRP), among others (151). Interestingly, multiple studies have shown that these

34



FCUP
Study of the lung immune response to group B streptococcal neonatal infection
neuropeptides can regulate immunity against bacteria (reviewed in (151)). Thus, we next
evaluated the gene expression levels of Nmu, Vip and Cgrp. Although not significant, we
found a tendency for decreased expression of Nmu (Figure 11B). NMU, produced by
cholinergic neurons, has been implicated in type 2 immunity, amplifies allergic
inflammation, and is involved in protective responses against helminthic infections as
well as neonatal influenza infection (152, 153). The expression of Vip was downregulated
in severe animals when compared to both uninfected and animals with moderate disease
(Figure 11B). As for the Cgrp, the opposite profile of expression was observed as the
relative expression of this gene is higher in severe animals compared with both pups
with moderate disease and uninfected controls (Figure 11B). VIP is an immunoregulatory
neuropeptide that has been described to dampen the production of pro-inflammatory
cytokines (154). The release of CGRP has been showed to be a mediator of immune
suppression in pulmonary tissue, more in specific by suppressing neutrophil recruitment
and yd T cell-mediated defence during bacterial lung infections (113). As amphiregulin
(Areg) has been implicated in lung homeostasis and repair upon neonatal pneumoniae
(131) and its expression can also be controlled by NMU on type 2 cells (151), we also
guestioned whether Areg could be downregulated in severe infected pups. Gene

expression analyses revealed no differences among groups (Figure 11C)

Considering that at this time point (P3), animals presenting severe disease are
able to efficiently recruit neutrophils (Figure 8B), while also upregulating the Cgrp gene,
it is tempting to speculate that the release of CGRP by sensory neurons could be
supressing the conversion of neutrophils into the SiglecF" phenotype, and thus
decreasing the bactericidal function of these cells and not directly their recruitment. With
the decrease of Vip we would expect to observe a higher expression of pro-inflammatory
cytokines, however almost no significative differences were found. Nonetheless, the
expression of these cytokines is dependent on multiple factors, and these results may

not be exclusively correlated.

3.5. GBS pneumonia severity linked to bacteria virulence

All the results described in the previous sections were performed using a
hypervirulent strain of GBS belonging to the CC17. Finally, to determine whether the
observed differences were exclusive of this strain and to model the disease in a less
severe scenario, we last performed infections studies using a GBS strain that does not
belong to the hypervirulent clone (non-CC17), the GBS NEMS316 belonging to CC23.
Using this strain, we evaluated the pups survival and their bacterial burden in the lung

compared to those infected with the CC17 hypervirulent strain.
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Compared with pups born from CC17-colonised mothers, the survival of pups
born from non-CC17 progenitors was markedly increased (Figure 12A). The first and
only death registered in non-CC17 infected animals was at P3 (~93.75%) (Figure 12A).
None of the non-CC17 infected pups presented clinical signs of disease (data not
shown). However, the bacterial load in the lung of pups infected with non-CC17 GBS did
not show statistically significant differences when compared with the CC17 group (Figure
12B, left). Importantly, when CC17 pups were stratified by disease severity, we found
similar bacterial burden between non-CC17 and CC17 infected pups presenting
moderate disease, being both significatively decreased when compared with severe
pups (Figure 12B, right).
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Figure 12. Infection study with a less virulent GBS strain. Pregnant C57BL/6 mice were intra-vaginally inoculated
with 8x10* CFU of GBS hyper virulent strain BM110 (CC17) or the NEM316 strain (non-CC17) at gestational days 16
and 17. (A) Kaplan-Meier survival curve of neonatal mice born from GBS-colonised dams, monitored during a 3 days’
period. The numbers in parentheses represent the number of animals that survived versus the total number of animals
born. (B) Newborn mice were sacrificed at postnatal day 3 and the lung bacterial loads in the lung were determined.
Data was also stratified by disease severity. Data are presented as mean + SEM [n=17 (CC17); n=13 (non-CC17);
n=7 (CC17 moderate); n=6 (CC17 severe)]. (C) Frequency and number of neutrophils in the lung. Data are presented
as mean + SEM [n=9 (uninfected); n=10 (non-CC17)] (D) Frequency of Ly6G*SiglecF" neutrophils in the lung. Data
are presented as mean = SEM [n=9 (uninfected); n=10 (non-CC17)] (E) Relative expression of the indicated genes
analysed by RT-qPCR and normalized for the reference gene Hprt Data are presented as mean + SEM [n=6
(uninfected); n=5 (non-CC17)]. Each symbol indicates data from single pup. Comparisons by one-way ANOVA or
Student’s t-test. Statistical differences (P values) between groups are indicated. * P < 0.05; ** P <0.1; *** P < 0.001;
**xk P < (0.0001; ns — Not significant.

Next, we further investigated if these animals would also present increased
neutrophils in the lung, as previously observed with the CC17 strain (Figure 4C). Notably,
no differences were observed in both the percentage and number of neutrophils in the
lung of uninfected and non-CC17 infected pups (Figure 12C). However, a significant
increase was found in the frequency of SiglecF" neutrophils (Figure 12D), similarly with

the results obtained from animals infected with the virulent strain, that presented
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moderate disease (Figure 8E). Consistently with our previous results in animals with
moderate disease infected with the CC17 hypervirulent strain, non-CC17 infected pups
did not present altered relative gene expression of Cgrp, ll1b and 1110, compared with

control group (Figure 12E).

We conclude this study with the determination of relative expression of CGRP,

II1b and 1110, compared with control group (Figure 12E).

Altogether, our results support that higher severity in GBS pneumonia might be
linked to the bacteria ability to evade the host immune system by inhibiting neutrophil
activation, which in turn could impair the control of infection. Based on our findings, we
hypothesized that GBS hijack the neuro-immune axis by leading to high expression of
CGRP with concomitant inhibition of neutrophil activation. Nevertheless, we cannot
disregard that CGRP upregulation could be a regulatory mechanism contributing to
immunosuppression aiming at controlling excessive inflammation. On the other hand,
immunosuppression can diminish effective and protective antibacterial immunity, thereby
increasing susceptibility, as we have already described in a mouse model of GBS
neonatal sepsis (104). This mechanism is currently being explored by our group. Namely,
we are performing experiments in which CGRP signalling is blocked to assess whether
neonates have increased survival, decreased bacterial load and higher neutrophil

activation.
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Conclusion

In conclusion, in this dissertation, we were able to adapt our BALB/c neonatal
mouse model of GBS pneumonia to the C57BL/6 mice and characterise it. We showed
that infected animals suffer lung alterations consistent with pneumonia that appear to
leave respiratory sequels. Moreover, we found that infection leads to efficient recruitment
of neutrophils, regardless of disease severity and outcome. Furthermore, although the
numbers of y& T cells also increase in the lung during neonatal pneumonia, these cells
do not appear to have a protective decisive role in the acute phase of GBS infection.
Nevertheless, this first encounter with the bacteria leads to higher frequency of a tissue-
resident profile after the resolution of infection, indicating a possibility of a more effective
response to a secondary challenge. Deeper analyses of the lung neutrophils phenotype
during neonatal pneumonia suggest that the severity of GBS pneumonia might be
connect with the capacity to recruit and activate neutrophils, displayed by the profile of
high expression of SiglecF. Furthermore, severe disease was accompanied by the
upregulation of the neuropeptide GCRP, a neuropeptide produced by nociceptor
neurons that has already been described to impact neutrophil recruitment in other
bacterial infection models. Here, although no differences were found in total neutrophil
numbers between pups with different severity, we hypothesise that CGRP could impact
neutrophil activation inhibiting the development of a more phagocytic profile, and thus
establishing a possible relation of the neuro-immune axis in the capacity of GBS to the

evade the host immune system (Figure 13).
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Figure 13. Schematic representation of a proposed mechanism by which GBS hijack the neuro-
immune axis to evade the host innate immune system. GBS might interact and activate nociceptor
neurons in the lung, which releases the neuropeptide CGRP. CGRP appears to hinder neutrophil
activation into SiglecFhi neutrophil, a profile associated with increased bacterial clearance. Figure created
in Biorender.
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