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ABSTRACT

Although vaccines and antibiotics have been historically successful in combating bacterial
infections, limited vaccine coverage and the rise of antibiotic resistance emphasize the need
to develop alternative, broadly effective, and/or targeted treatment strategies to reduce the
health burden of bacterial infections. Rather than relying on therapeutics solely targeting the
bacterial pathogen, such as standard antibiotics, therapies that simultaneously focus on host
responses are emerging. In this thesis, we propose 'host-informed therapies' (HITs) in two
categories: those that aid patients with fully functional immune systems and those that aid
patients with perturbed immune processes, as promising alternative or adjunctive treatment
strategies for bacterial infections. The host-pathogen interaction during infection is a highly
dynamic process between diverse bacterial pathogens and hosts with varying degrees of
susceptibility. Systems biology approaches have provided an understanding of host-
pathogen parameters globally through the detection of putative biomarkers for diagnosis and
identification of critical interactions to discover novel drug targets. However, there remains a
gap in understanding bacterial pathogenesis in the context of designing novel host-informed
therapies. Here, we use Streptococcus pneumoniae, the gram-positive pathogen
responsible for the majority of bacterial respiratory tract infections worldwide, as a case study
to: (1) Generate a genome-wide map of bacterial immune (complement) evasion targets to
design novel host-informed therapies, (2) generate a dual host/pathogen transcriptome map
to identify signatures of infection outcome, and (3) validate signatures of bacterial antibiotic
tolerance in a mouse lung infection model. Overall, this work exemplifies how systems biology
methods can elucidate the intricacies of bacterial pathogenesis but, more importantly, aid in

the target identification, validation, and design of antibacterial host-informed therapies.
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1.1 Summary

Over the last two decades, traditional antimicrobial strategies have lost efficacy due to a
rapid rise in antibiotic resistance and limited success in developing new antibiotics.
Rather than relying on therapeutics solely targeting the bacterial pathogen, therapies are
emerging that simultaneously focus on host responses. Here, we describe the most
promising 'host-informed therapies' (HITs) in two categories: those that aid patients with
fully functional immune systems, and those that aid patients with perturbed immune
processes. Using Streptococcus pneumoniae, the leading cause of bacterial pneumonia,
as a case study, we show HITs stand as an attractive option for supplementing infection
management. However, to broaden their applicability and design new strategies, targeted

research and clinical trials will be essential.

1.2 The host response is integral to disease outcome

The introduction of vaccines and antimicrobials are among the most important strategies
that have enabled us to drastically curb the spread and impact of infectious diseases.
However, several challenges have impeded their continued efficacy, including the rapid
rise of antibiotic resistance, the largely unsuccessful efforts to identify novel classes of
antibiotics, and the limited antigenic breadth of vaccines. Rather than relying on
therapeutic strategies that solely focus on bacterial killing, growth inhibition, and infection
eradication, treatment strategies are emerging that modulate the host, particularly the
immune system. These therapies are focused on enhancing the host response and/or
defenses against the infection with the potential to significantly improve disease outcome
and host health.

The state of the host immune system, which is impacted by numerous factors such as

age, genetic predisposition, or coinfection by multiple pathogens, contributes to the



heterogeneity often observed in infection outcomes. Hence, a complementary treatment
approach lies in manipulating host immune defenses to promote pathogen clearance
while limiting tissue damage. For decades, immune modulation has retained interest
among researchers in cancer, autoimmune disorders, and, now more recently, infectious
diseases . Therapies specifically designed to account for the state of the host, or, as
we term herein, host-informed therapies (HITs; see Glossary), can be tailored to either
intact or perturbed immune processes resulting from unique host susceptibilities to

infectious disease.

In this chapter, we discuss HIT strategies using Streptococcus pneumoniae (S.
pneumoniae) as an illustrative benchmark (Figure 1.1). S. pneumoniae is a global
pathogen that can cause life-threatening disease in fully immune competent individuals,
but also is notorious for causing particularly severe disease in individuals with specific
conditions. We present HIT strategies that could be considered for any infected individual
as well as strategies based on specific vulnerabilities to pneumococcal infection,
including influenza coinfection, sickle cell disease, and advanced age. Importantly, we
discuss HITs that address common infection immunoregulatory pathways and can thus
serve as models for promising conjunctive therapies to treat infections beyond those

caused by S. pneumoniae.
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Figure 1.1 | Overview of host-informed therapeutic strategies to combat pneumococcal
pneumonia.

HITs against S. pneumoniae infections can be tailored to either the intact host immune system
(left panels; blue), by targeting excessive lung inflammation and boosting pathogen clearance
capacity; or alternatively, they can be aimed at specific perturbed immune responses in infection-
susceptible patient populations (right panels; purple), including influenza coinfection, sickle cell
disease, and advanced age. HITs used in clinical practice or clinical trials are bolded and colored;
others have been validated in preclinical models or are theoretical based on immunological
mechanism.

Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IgG, immunoglobulin; MBL,
mannose binding lectin; NAI, neuraminidase; NSAIDs, non-steroidal anti-inflammatory drugs; PAFr, platelet-
activating factor receptor; PepO, endopeptidase O; Ply, pneumolysin; PspC, pneumococcal surface protein
C; TNF, tumor necrosis factor; TUDCA, tauroursodeoxycholic acid.



1.3 Challenges in S. pneumoniae treatment

S. pneumoniae is commonly found asymptomatically colonizing the human nasopharynx,
but can cause severe disease including pneumonia, otitis media, meningitis, and sepsis.
Since 1977, vaccination has been the cornerstone of pneumococcal disease prevention.
However, currently, the two classes of pneumococcal vaccines, the 23-valent
pneumococcal polysaccharide vaccine (PPSV23) and the pneumococcal vaccines
based on protein-conjugated polysaccharides (PCV13/ PCV23), only protect against a
subset of over 90 different pneumococcal capsular variants (capsular serotypes) *.
Through both the expansion of preexisting non-vaccine pneumococcal serotypes and
serotype 'switching' (exchange of capsular polysaccharide genes through
transformation), infectious strains not covered by standard vaccination are on the rise °.
In addition, a worldwide post-vaccination increase in antibiotic resistance frequencies of

non-vaccine-type S. pneumoniae strains has been reported ®’.

During the 1970s and 1980s, a surge in antibiotic-resistant pneumococci strains was
reported ®. Pneumococci resistant to penicillin (minimum inhibitory concentration of =0.1
pg/ml), erythromycin, and trimethoprim-sulfamethoxazole (TMP-SMX) spread across the
world, to Australia, Israel, Spain, Poland, South Africa, and the United States *'.
Tetracycline and chloramphenicol resistance was also identified, as well as
fluoroquinolone resistance, although to a relatively low level in comparison *'. Multi-drug
resistant (MDR) pneumococci, classified as resistant to three or more classes of
antimicrobials, were first identified in 1978 via nosocomial transmission *2, and has since
been reported in increasing frequency. In the United States today, MDR S. pneumoniae
is much less common after over 20 years of conjugate vaccine usage, however, the risk
remains for acquiring resistant infections in particular populations: the elderly, patients
with previous antibiotic use, and patients previously admitted to the hospital in the last
year ®.1n 2017, S. pneumoniae infections led to over 30,000 outpatient visits in the United
States alone, and 30% of cases involved isolates resistant to one or more antibiotics
(CDC Pneumococcal Disease'). Consequently, approximately 2.5 million individuals

succumb to pneumonia globally each year, of which an estimated 1.5M specifically



succumb to S. pneumoniae, making it the leading bacterial cause of lower respiratory

tract infections .

1.4 HITs for otherwise healthy individuals

During pneumococcal pneumonia, pulmonary inflammation orchestrates innate immune
cell-mediated responses to S. pneumoniae, including cell recruitment, activation, and
phagocytic killing, to foster pathogen clearance and prevent systemic spread .
However, when faced with S. pneumoniae's immune evasion strategies, these responses
can fall short, requiring patients to receive medical intervention to prevent severe
infection. Conversely, although inflammation is a required element for bacterial
pulmonary clearance, if dysregulated, as manifested by high levels of proinflammatory
chemokines and cytokines, upregulated host adhesion molecules, and excessive
infiltrating immune cells, the inflammatory response damages alveolar tissue, disrupts
the airway barrier, and promotes bacterial dissemination into the bloodstream *°. As a
result, an effective inflammatory response to infection often needs to maintain a balance
between host defense and timely return to homeostasis. In mouse models, while early
inflammation and rapid immune cell recruitment into the lungs are essential for limiting

pulmonary pneumococcal burden %7

, sustained inflammation and large numbers of
pulmonary neutrophils beyond 12 hours post-infection correlate with a greater bacterial
burden, more severe systemic infection, and reduced survival '®". Indeed, mice that
survived infection largely resolved inflammation by 72 hours post-infection *°. A clinical
method to treat the hyper-immune reaction triggered by infection in human patients is
extracorporeal approaches, where the patient's blood is removed, and passed through a
column containing a material designed to trap molecules or cells. In April 2020, the FDA
granted emergency use authorization for the therapeutic apheresis to treat patients 18 or
over with confirmed COVID-19 admitted to the intensive care unit with the goal of

ameliorating a cytokine storm caused by proinflammatory cytokines NCT043334200

Optimal disease recovery from S. pneumoniae infection may require both an effective
initial acute inflammatory response and rapid resolution of inflammation later in the

course of infection. Thus, patients with a fully functional immune system can often benefit



from HIT strategies that boost innate immune cell function or modulate the inflammatory
response, which acts in the appropriate manner and timeframe to restore the immune

response to the effective range (Figure 1.2).
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Figure 1.2 | Host lung damage during pneumococcal pneumonia is a function of the
quantitative and qualitative aspects of the host response to S. pneumoniae.

Clinical disease (pneumococcal pneumonia) occurs at either extreme of the immune response:
compromised bacterial control (green) or excessive inflammatory damage (dark red).
Conceptually, HITs can be interventions that aim to reduce disease severity by either enhancing

(immunostimulatory) or controlling (immunomodulatory) the immune response, to reestablish an
effective immune response.




Table 1.1 | HITs that target excessive inflammation or enhance pathogen clearance during
S. pneumoniae infection

Compromised

dysfunction

molecule, or peptide
inhibitor

host response Target outcome Drug class Stage of drug Reference
Diminish proinflammatory
gene expression. Corticosteroids 24-27
Increase anti-inflammatory (Prednisone)
cytokines.
Increase anti-inflammatory Macrolide Clinical practice
cytokines. antibiotics (For moderate 36.37
Activate alveolar (Azithromycin, and severe ’
macrophages. Erythromycin) pneumonia)
Diminish tissue-destructive
Excessive inflammation. Nonsteroidal anti- 46-48
inflammation Reduce acute symptoms inflammatory drugs
(pain, fever, cough).
Diminish tissue-destructive - .
inflammation Clinical trial
: Statins (For moderate 29-35
Increase autophagy and lung .
: ’ pneumonia)
barrier function.
De"reaieyt%rg':;'sagmatow Preclinical
. . Metformin (For pneumonia and 38-43
neuroinflammation. .
sepsis)
Increase autophagy.
Boost MBL complement Recombinant human - .
pathway MBL (rMBL) Clinical trial 52-55, i
. PspC-targeted
Ineffective Target pneumococcal vaccination and/or Preclinical* 59
complement | ., nnjement evasion factors | neutralizing antibody
response therapy
Downregulate over-
aggressive complement Cba-blocking antibody Clinical trial |
response
Diminished - __ PspC-targeted
. Inhibit pneumococcal immunization and/or s
autophagic ) : Preclinical 72,73
functi autophagy evasion pneumolysin-
unction neutralizing antibodies
Endothelial 'rgsggg‘;argritglg
barrier Inhibit bacterial adhesion v Clinical trial 78,80,81

*Preclinical refers to proposed host-informed therapies validated in mouse models only.




1.4.1 Anti-inflammatory strategies

Anti-inflammatory drugs can supplement traditional antibiotics by curtailing
inflammation-related tissue damage during bacterial infection. Of course, inflammation
has been a target of multiple drug classes, and by repurposing drugs that have prior
safety and regulatory approval, anti-inflammatory strategies can be fast-tracked in
clinical trials and implemented in the clinic. Examples of such drugs are listed in Table

1.1, and we highlight several in more detail below.

Corticosteroids are a class of broad-spectrum anti-inflammatory agents commonly
employed in inflammatory diseases, as well as some infectious diseases as adjuvant
therapy, most recently severe COVID-19 #. The use of corticosteroids such as
prednisone is controversial in the treatment of S. pneumoniae-related community-
acquired pneumonia (CAP) due to limited supporting clinical data and the confounding
antipyretic effect of these drugs in the absence of bacterial clearance ?'. The most recent
meta-analysis of 9 randomized clinical trials and 6 cohort studies found no evidence of
mortality improvement when administering corticosteroids to CAP patients ?. However,
in a number of these studies, corticosteroid treatment accelerated time to clinical
stability, resulting in shorter hospital stays, decreased duration of intravenous antibiotics,
and reduced need for mechanical ventilators 2. Moreover, studies focusing on patients
with severe CAP further corroborate the beneficial role of corticosteroids in patients with

a general hyperinflammatory response 2*%

. In other pulmonary bacterial infections
including tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis,
broadly acting glucocorticoids such as dexamethasone and prednisone have become

standard-of-care HITs in patients with advanced disease %.

Statins are traditionally prescribed to control cholesterol levels. However, statins can also

reduce chronic inflammation by downregulating endothelial cell adhesion molecules,

reducing cytokine production, curtailing leukocyte extravasation and improving lung

barrier function ?°. Consequently, patients on preexisting statin treatment are less likely
30

to develop bacterial sepsis and other complications *°, including secondary

cardiovascular conditions *'. Furthermore, prior statin use lowers the risk of pneumonia



infection * and decreases mortality in individuals infected with S. pneumoniae *. Statins
seem to prevent S. pneumoniae epithelial barrier breach that fosters the progression of
acute lung infection to systemic infection, a mechanism that could explain why the
beneficial effects of statins do not extend to patients critically ill with severe septicemia
8435 This suggests that patients with less severe forms of pneumonia will likely benefit
most from the anti-inflammatory and immunomodulatory effects of the long-term use of

statins.

Macrolides can impact the pathogen through its antimicrobial properties, as well as the
host through its immunomodulatory activities. Macrolides can promote the production of
anti-inflammatory cytokines and the activation of alveolar macrophages, and thereby
increase bacterial killing. Preclinical assessments in mice treated with azithromycin show
reduced chemokine production and limited pulmonary neutrophil and T cell influx thereby
promoting rapid resolution of inflammation *. A meta-analysis of 28 observational studies
with critically ill CAP patients demonstrates that macrolides are more effective at reducing
mortality in comparison to other non-macrolide antibiotics *. This suggests that patients
with severe pneumococcal pneumonia could benefit from macrolide antibiotics not only

through their bacteriostatic effects but also through their effect on the immune response.

Metformin is an extensively used repurposed type Il diabetes drug, which, in addition to
its metabolic effect on gluconeogenesis, reduces inflammation and enhances the
immune response against multiple pathogens including M. tuberculosis, Trypanosoma
cruzi, Trichinella spiralis, and Staphylococcus aureus as shown in human and mouse

38-41

experiments . In an experimental pneumococcal meningitis model, metformin

demonstrates neuroprotective properties by reducing neuroinflammation and meningitis-

t *. In animal models of sepsis, metformin ameliorates

induced hearing impairmen
lipopolysaccharide (LPS)-induced proinflammatory cytokine production and attenuates
endotoxemia *. Metformin may thus have general efficacy against the aforementioned
bacterial species and be of dual benefit in type Il diabetic patients who have increased

susceptibility to bacterial infections.

In principle, nonsteroidal anti-inflammatory drugs (NSAIDs) can be applied broadly to

bacterial infections as antipyretics and analgesics to suppress acute symptoms such as
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pain, fever, and cough. However, studies on NSAIDs efficacy in treating pneumonia and

4

lower respiratory tract infections have yielded conflicting results *, with some even

reporting an increased risk of complications as an adverse effect of NSAID exposure

(specifically ibuprofen) *°

. On the other hand, studies point to newly discovered
antibacterial activities of NSAIDs, making them promising therapeutics to treat bacterial
infections **, It has recently been established that the evidence against the use of
NSAIDs has not been systematically assessed . A comprehensive review examining the
risk of pneumonia complications in pediatric and adult patients treated with NSAIDs *°
indicated that the conclusion of risks of NSAIDs in treating infection could be due to bias
intrinsic to small data sets. Altogether, NSAIDs still hold potential and warrant further

exploration as a general anti-inflammatory adjuvant therapy for bacterial infections.

While these inflammation-modulatory therapies are promising HITs to treat
pneumococcal infection, it is important to keep in mind that return to homeostasis
requires the dynamic regulation of inflammation (Figure 1.2). On the one hand it is
essential to trigger a level of inflammation that is host-protective; on the other hand,
immune response intensity should not exceed what is necessary and become destructive
to the host, i.e., too little control leads to pathogen escape, while a hyper-response may
lead to a hyperinflammatory state and subsequent host damage. Clinical severity, stage
of pathogenesis, and infection niche of the bacterial pathogen are all variables that
influence treatment efficacy. Anti-inflammatory immunomodulators for S. pneumoniae
infection appear to foster diverse clinical outcomes, making their regular use in near-term
frontline therapy problematic. To solve this challenge, randomized, controlled human
clinical trials that better characterize patient phenotypic subpopulations, such as disease
severity, infection timeline, and systemic involvement, will help better target the indicated
therapies to specific groups and/or disease conditions, with better patient outcomes as

a result.
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1.4.2 Enhancing innate immunity

S. pneumoniae is predominantly an extracellular pathogen and nasopharyngeal carriage
is a prerequisite for disease and transmission. Colonization of the nasopharynx is
facilitated by the bacterium's ability to adhere to host cells, subvert clearance by
mucociliary flow, and evade mucosal innate and adaptive immunity *°. Intact humoral and
cell-mediated immune responses are essential for pathogen killing and prevention of an
escalating infection. Persistence and survival of S. pneumoniae require the evasion of
multiple immune mediators that target extracellular bacteria, including complement
deposition, opsonophagocytic uptake, and phagocytic killing by both local and recruited
phagocytic cells. Engulfed S. pneumoniae faces multiple intracellular killing mechanisms,
including phagosome maturation, canonical (non-selective) autophagy, and a newly
discovered process termed LC3-associated phagocytosis (LAP), which combines the
molecular machineries of phagocytosis and autophagy to facilitate fusion with lysosomes

and degradation of phagocytosed bacteria.

S. pneumoniae has evolved several strategies to evade certain host immune
mechanisms. This in turn has prompted the design of several HITs to enhance and trigger
the innate immune system to engage in an effective antibacterial response. Below we
discuss three such examples: i) complement-targeted therapeutics, ii) autophagy-
targeted therapeutics, and iii) bacterial adhesion-targeted therapeutics, which are

summarized in Table 1.1.

1.4.3 Targeting complement evasion

Opsonization by complement and antibody is one of the most effective mechanisms of
S. pneumoniae recognition and killing by phagocytic cells. However, like many other
pathogenic microorganisms, S. pneumoniae can bind to complement regulatory proteins,

%, Major complement regulatory proteins

neutralizing their host protective function
targeted by S. pneumoniae include: C4BP (co-factor for C4b inactivation), Factor H
(regulator for alternative pathway C3 convertase decay), and vitronectin (inhibitor of

membrane attack complex MAC formation) °'.
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One approach is to boost complement, for instance, through targeting the mannose
binding lectin (MBL) complement pathway (Figure 1.3a). The MBL pathway is an
important protective mechanism against S. pneumoniae infection as shown through
mouse experiments and in human cohorts with genetic MBL deficiencies who are at
higher risk of infection °**®, Recombinant human MBL (rhMBL) was in the process of
being tested in a Phase 1B clinical trial for infection-susceptible patients, such as cancer
patients undergoing chemotherapy *, before discontinuation in 2009 due to slow clinical
trial enroliment and changes in company strategy. While rhMBL did not meet the criteria
to move forward in clinical development, it was deemed safe and well-tolerated
(NCToo8364%61) 9 d has been subsequently explored for the treatment of influenza A %. Similar
complement-boosting therapeutics could work as a generalizable strategy in combating
other bacterial pathogens with similar immune evasion mechanisms, such as Borrelia

burgdorferi, Bordetella pertussis, and Staphylococcus aureus .

Another approach is to target pneumococcal factors known to compromise complement
function. One example of a S. pneumoniae surface protein with the ability to bind and
neutralize complement regulators is pneumococcal surface protein C (PspC), which
functions as both a Factor H- and vitronectin-binding protein . The surface localization,
highly conserved structure, and key role in complement evasion-associated virulence of
PspC make it an excellent target for vaccination or targeted neutralizing antibodies
(Figure 1.3a). For instance, PspC-immunized mice produce antibodies that not only
recognize most S. pneumoniae clinical isolates, but also decrease Factor H (FH) binding

when pre-opsonized in vitro *°

. Other S. pneumoniae surface proteins including
pneumococcal surface protein A (PspA) ¢!, pneumococcal histidine triad proteins (Phts)
%2 and pneumococcal pilus adhesin (RrgA) ® play an integral role in bacterial virulence
and evasion from the complement system, rendering them additional promising targets

for similar selective strategies.

Finally, an over-aggressive complement response can be extremely harmful to the host,
resulting in pneumonia developing to severe sepsis and septic shock . The terminal
complement pathway effectors C5 and its activated product C5a play a key role in the

development of sepsis and the resultant multiorgan failure and high mortality rates. HITs
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targeting C5 and C5a can be uniquely beneficial in controlling pneumococcal pneumonia
from developing into systemic infection. For example, IFX-1, a monoclonal antibody, was
tested in a placebo-controlled, double-blinded study (SCIENS) with 72 patients suffering
from early septic organ dysfunction. IFX-1 significantly reduced and effectively blocked
Cb5a in a dose-dependent manner, and positive trends were reported in other clinically
relevant endpoints, such as organ dysfunction score (SOFA score), need for ventilator

support, and length of stay in the ICU NCcTo43334201)

S. pneumoniae
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Figure 1.3 | Enhancing bacterial clearance by innate immune cells.

HITs are utilized to enhance and prompt the immune system to effectively engage in an
antibacterial response and successfully clear S. pneumoniae by phagocytic killing. By targeting S.
pneumoniae mechanisms of immune evasion, for example, complement evasion and diverted
autophagy, effective innate immune response may be reestablished.

Abbreviations: C3b, complement component 3b; MBL, mannose binding lectin; PepO, endopeptidase O;
Ply, pneumolysin; PspC, pneumococcal surface protein C.
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1.4.4 Enhancing autophagy

During an effective immune response, pneumococci are phagocytosed by host cells such
as macrophages and neutrophils and subsequently destroyed. In addition to direct
opsonophagocytic killing, other vesicular defense systems, such as autophagy, can be
triggered in response to select pathogens and assist with the antimicrobial response.
Modulating host autophagy has proven efficacious against several infectious diseases.
For instance, in active TB infection, metformin and statins enhance macrophage
intracellular autophagic killing of M. tuberculosis through LC3 upregulation *% (Figure
1.3b). Similarly, boosting autophagy with vitamin D or with small molecule autophagy
inducers (Figure 1.3c) improves macrophage killing of Salmonella enterica serovar

Typhimurium in vitro and in vivo .

Both canonical non-selective autophagy and non-canonical autophagy observed in
phagocytic cells (LAP) are vital defense systems against engulfed S. pneumoniae,
contributing to rapid phagosome delivery to lysosomes and efficient bacterial killing %.
To avoid clearance by these mechanisms, S. pneumoniae engages in autophagy evasion
strategies when inside the phagosome. In vitro experiments have shown that
pneumococcal surface protein PspC diverts S. pneumoniae away from the autophagic
pathway by causing degradation of autophagy-related key regulator 14 (Atg14) ", a key
host protein that orchestrates autophagy by promoting the fusion of autophagosomes to
lysosomes ™. Thus, this diversion strategy could be specifically targeted with PspC
antibodies to inhibit the PspC-Atg14 interaction (Figure 1.3d). On the other hand, the S.
pneumoniae pore-forming toxin pneumolysin (Ply) plays a pivotal role in triggering LAP in
both nonphagocytic cells and phagocytic cells (macrophages) ™. In dendritic cells, Ply
inhibits LC3 recruitment to intracellular S. pneumoniae, thus diminishing subsequent

lysosomal degradation ™7

A Ply-neutralizing peptide can increase uptake in
autophagosomes and reduce intracellular bacterial survival in vitro ™, and Ply-neutralizing
antibodies can protect against pneumococcal pneumonia in mice "® (Figure 1.3d).
Alternatively, autophagy-triggering proteins on the surface of S. pneumoniae might be

harnessed to boost S. pneumoniae-targeted autophagy. For instance, endopeptidase O
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(PepO) triggers macrophage autophagy, and recombinant PepO enhances pulmonary

bacterial clearance in a mouse model of infection (Figure 1.3¢e) ™.

1.4.5 Targeting bacterial adhesion

When bacterial infection caused by S. pneumoniae becomes systemic, a cascade of
immune responses is initiated that can often overload the host. Microvascular
dysfunction can occur due to microbial adhesion. The resulting damage to the integrity
of the endothelial barrier facilitates bacterial escape to the bloodstream, causing
secondary infections that can lead to organ failure, and trigger excessive immune
responses that overwhelms the host .

Integrins are non-covalently linked af heterodimers widely expressed on epithelial,
endothelial, and immune cell surfaces; they regulate downstream events including
cytoskeleton rearrangement, immune mediator secretion, immune cell recruitment,
extravasation, and regulating structural integrity ”. The major surface protein PspC of S.
pneumoniae has been shown to bind to the plasma protein vitronectin and crosslink the
bacterium to the integrin aVB3 #. HITs such as antibodies, small molecules, and peptide
inhibitors targeting integrins can be utilized to inhibit bacterial binding to endothelial cells
8, The cyclic peptide integrin aVB3 inhibitor, Cilengitide, has shown ex vivo capability of
competitively antagonizing bacterial binding to endothelial cells ®'. Clinical studies are
required to determine if prophylactic use of a drug such as Cilengitide in patients with
existing S. pneumoniae infection (or a similar bacterial infection) can prevent the
development of systemic infection and the subsequent risk of immune cascade

dysfunction.

The anti-inflammatory and innate immune cell-boosting approaches described above
can be used to treat pneumococcal pneumonia and subsequent systemic infection in
patients without predisposing conditions and generally at any stage of infection, as they
are less dependent on specific clinical host states. Through epigenetic, transcriptional,
and functional reprogramming of innate immune cells, some of these approaches may
bring about long lasting and heterologous protection against infection in the form of

‘trained’ innate immunity. In addition, by targeting immunoregulatory pathways that are
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relevant to diverse bacterial infections, these interventions might be generalized to

infections beyond pneumococcal pneumonia.

1.5 HITs for susceptible hosts with predisposing conditions

Host susceptibilities can greatly influence therapeutic efficacy, especially when immune
responses are perturbed by predisposing conditions. For instance, S. pneumoniae can
be more lethal in sickle cell anemic patients, elderly individuals, and as a secondary
infection following viral influenza. Patients with underlying health conditions can benefit
from HIT interventions tailored to their specific susceptibilities. Importantly, some HITs
listed in Table 1.2 are already used in clinical practice, while others are at a range of

developmental (preclinical) and research stages.

Table 1.2 | HITs that target defects in host defense in patient populations susceptible to S.
neumoniae infection

Host Defect in host Target Drug Stage
> Reference
condition defense outcome class of drug
Eritoran: limit IFN-I
Enhanced mediated epigenetic Preclinical* 83
Type | Boost modification
interferon (IFN- antibacterial
) antiviral immunity IL-27 blockade: limit
response IL-10 and increase IL- Preclinical* 87,88
17
Influenza Neuraminidase
inhibitors: limit Clinical
Epithelial exposure of epithelial practice 101-103
damage/expos L adhesion receptors
od Sus.taln airway
subepithelial | P2merfunction |y, . pg1_Fo
tissue plockade: limit viral Theoretical 104,105
induced cell
apoptosis
Vaccine targets not
required for survival in e
. Diminished Targeted sickle cell hosts Preclinical 108
Sickle cell ; .
; vaccine pneumococcal (CppA, PiaA)
disease S
response vaccination
LT-llb adjuvant: Theoretical 109
enhance IgG
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response to
vaccination
Chronically Block host Platelet-activating
activated endothelial factor receptor (PAFr) | Preclinical* | 110,111
vascular adhesion blockade
endothelium molecules
TNF-a blockade: limit
Monocyte- Decrease premature N
; monocyte- inflammatory Preclinical* 116
directed directed i
inflammation ) ! monocytes exit from
inflammaging bone marrow
Neutrophil- Decrease Vitamin E: limit
: neutrophil- inflammatory Preclinical* 119
directed directed i i
inflammation . ! neutrophil recruitment
inflammaging
Pirfenidone: enhance
macrophage function
by increasing Preclinical” 121
mitochondrial ATP
Advanced production
age Decrease Tauroursodeoxycholic
Macrophage acid (TUDCA):
dysfunction macrophage enhance NLRP3 -
dysfunction inflammasome Preclinical® 122,123
activation by
supporting UPR
Gemcitabine:
enhance macrophage Preclinical® 122,123
UPR and Atg9 activity
Extracellular
. Decrease adenosine (EAD):
Neutrophil neutrophil inhibit neutrophil IL- Preclinical* | 19,130, 131
dysfunction dysfunction 10 production and
enhance killing

*Preclinical refers to proposed host-informed therapies validated in mouse models only.

Abbreviations: ATP, adenosine triphosphate; Atg9, autophagy-related protein 9; CppA, C3-degrading
protease; EAD, extracellular adenosine; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-
1, interferon-1; IL-10, interleukin-10; IL-17, interleukin-17; IL-27, interleukin-27; LT-lIb, type Il heat-labile
enterotoxin b; NLRP3, NLR family pyrin domain containing 3; PAFr, platelet-activating factor receptor; PiaA,
pneumococcal iron acquisition protein A; TNF, tumor necrosis factor; TUDCA, tauroursodeoxycholic acid;
UPR, unfolded protein response.

18



1.5.1 Influenza coinfection

Influenza infection is known to increase susceptibility to secondary bacterial pneumonia,
which not only presents with higher bacterial burden, but also is associated with higher
mortality and morbidity ®. The increased susceptibility often results from a lingering
elevated Type | interferon (IFN-I) antiviral response, and virus-induced tissue damage
that disrupts the airway barrier. Potential HITs exist that can tackle these two aspects of

a viral infection-triggered immune environment.

1.5.1.1 Restoring antibacterial immunity

While beneficial for viral clearance, lingering antiviral immune responses such as IFN-I
signaling can dampen immunity against bacteria including S. pneumoniae #. During
secondary bacterial infections, IFN-I limits chemokine ligand 2 (CCL2)-mediated

t 82 reduces the phagocytic response, suppresses T helper 17

macrophage recruitmen
(Th17)-mediated immunity %, and promotes lymphocyte exhaustion % (Figure 1.4a).
Therefore, limiting IFN-I signaling can benefit multiple antibacterial immune responses.
However, directly tampering with IFN-I activity may compromise antiviral immunity critical
to combat lingering viral infection. Consequently, downstream effectors of IFN-I signaling
that cause increased susceptibility to secondary bacterial infections are seen as safer

targets for blockade.

In this sense, the toll-like receptor 4 (TLR4) antagonist Eritoran is suggested to blunt
influenza-induced IFN-f induction and reverse IFN-I mediated epigenetic changes that
mediate susceptibility to bacterial infection 2. Such epigenetic reprogramming induced
by Eritoran breaks the state of ‘trained’ immune suppression following viral infection,
enabling macrophages to react with stronger and more rapid responses when challenged
with future bacterial triggers. In mouse models, Eritoran demonstrates long-term
protective effects against lethal secondary S. pneumoniae infection by rescuing mice
from a state of immunosuppression ® (Figure 1.4a). Similarly, therapies such as
interleukin-27 (IL-27) blockade and recombinant IL-17A specifically restore the yd T cell

and Th17 cell branches of antibacterial immunity that is dampened downstream of IFN-I
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signaling %, IL-27 blockade additionally acts by limiting interleukin-10 (IL-10) which
inhibits neutrophil recruitment ® (Figure 1.4a). Both therapies increase resistance to
pneumococcal infection following influenza infection in mice #. In addition, emerging
evidence suggests that various IFN-I subtypes and IFN-I receptors have differential
contributions to antiviral immunity and bacterial infection susceptibility. For instance, IFN-
a subtypes are immunostimulatory cytokines with strong antiviral activities against
influenza virus both in vitro and in vivo . Therefore, by targeting alternative subtypes of
IFN-I, an effective antiviral response can be preserved while reducing susceptibility to

secondary infection °* %

. Importantly, such a strategy is applicable to secondary
pneumonia caused by other bacterial pathogens, such as S. aureus, Haemophilus

influenzae, and Pseudomonas aeruginosa.

To note, some inflammatory cytokines are indispensable during infection and coinfection,
and should be taken into consideration when postulating cytokine-blockade-dependent
therapy options. From this perspective, cytokines such as interleukin-6 (IL-6) surprisingly
have a protective function in influenza-S. pneumoniae coinfection, since its depletion
leads to significantly increased bacterial burdens in mice . IL-6 been shown to increase
expression of acute-phase proteins and mediate both cell homeostasis and
phagocytosis, revealing therapeutic value in recombinant IL-6 therapies ®. Inversely,
secretion of tumor necrosis factor-alpha (TNF-a), leads to an uncontrolled immune
response, hamely an exaggeration of T cell activity, results in an increase in the
inflammatory potential during coinfection and impairment of macrophages’ phagocytic
activity *. Thus, boosting and/or modulating aspects of the inflammatory response during

influenza coinfection is a delicate scale to restore immunity to the effective range.

1.5.1.2 Sustaining airway barrier function

IFN-I hampers lung epithelial repair by interfering with epithelial proliferation and
differentiation. In addition to IFN-I response-mediated epithelial cell death, influenza
infection can promote apoptosis of ciliated cells, slow ciliary beating, and increase
prevalence of binding receptors on host epithelium *. Damaged epithelium can have

large, exposed areas of laminin, type | and IV collagen, fibrin, and fibrinogen deposition,
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which encourages S. pneumoniae binding to host epithelial cells °’. Viral infection also
reduces the expression of key epithelial cell junctional complexes, including occludin,
claudin-4, and junctional adhesion molecules (JAM), destabilizing junctional barriers .
These events in turn allows S. pneumoniae to achieve deep tissue invasion *, which often

leads to dissemination to the bloodstream and systemic spread .

Targeting specific influenza virulence factors that promote epithelial barrier breach can
reduce secondary pneumococcal complications (Figure 1.4a). One such target is
neuraminidase, a viral sialidase expressed on influenza virus that removes lung sialic
acids thereby exposing epithelial receptors for pneumococcal adherence in tracheal,
eustachian-tube, and middle-ear epithelium . Neuraminidase inhibitor (NAI)-based
antiviral therapies, such as oseltamivir, are commonly prescribed to influenza patients.
The prophylactic antiviral effects of NAls are only significant if administered within the
first 48 hours of clinical influenza symptom onset and delayed NAI treatment has no effect

101

on pulmonary viral titer ™. However, oseltamivir effectively prevents secondary S.

pneumoniae infection, even when treatment is initiated 5 days into viral infection 1'%,
This suggests that despite a persistent viral load, NAl-mediated decrease in epithelial

damage alone can be effective in preventing a secondary S. pneumoniae insult.

Another theorized target of interest is PB1-F2, a proinflammatory viral accessory protein
that promotes ciliary epithelial cell apoptosis by inhibiting mitochondrial function. PB1-
F2-mediated cell death in the lung increases fibrinogen deposition, inflammatory cell
infiltration, and cytokine/chemokine release '*. Additionally, PB1-F2-mediated cell death
may trigger a positive cytokine loop that is amplified by secondary bacterial infection and
exacerbate tissue-destructive inflammation leading to lethality. Decreasing PB1-F2
expression (or replacement with C-terminal truncated FB1-F2 proteins lacking
mitochondrial localization ability), reduces the severity of secondary bacterial pneumonia
in mice. Hence, an antagonist of the PB1-F2 protein that is currently under investigation

may have benefits that go beyond its antiviral therapeutic effects 1419,

Limiting specific signaling modalities downstream of IFN-I and/or targeting tissue-

damaging influenza virulence factors (e.g., neuraminidase, PB1-F2) can restore
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antibacterial immunity and sustain airway barrier function during influenza infection,
respectively. Therefore, HITs that counteract viral activities crippling host antibacterial
immunity can be generally applied to prevent the development of serious secondary

pulmonary bacterial infections.
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Figure 1.4 | Targeting defects in immune defense in susceptible patient populations.

Panel A. Integral to the immune response to influenza are type 1 interferons (IFN-I), produced
following recognition of viral nucleic acids. However, IFN-I signaling can dampen immunity against
secondary S. pneumoniae infection (and other secondary bacterial infections), resulting in reduced
neutrophil and monocyte infiltration, suppressed IL-17 production and Th17-mediated
antibacterial immunity, and macrophage epigenetic changes. Our proposed HITs (blue boxes)
tackle components of this compromised host antibacterial response by 1. promoting alveolar
macrophage turnover; 2. limiting IL-10 and increasing IL-17; 3. blunting influenza-induced IFN-8
induction; and 4. repairing the airway barrier function.

Abbreviations: v T cells, gamma delta T cells; GM-CSF, granulocyte-macrophage colony-stimulating
factor; IFN, interferon; IL-10, interleukin-10; IL-17, interleukin-17; IL-27, interleukin-27; TLR4, toll-like
receptor 4; 1AV, influenza A virus.

Panel B. Immunosenescence and inflammaging impair immune defenses in the elderly. General
differences in cell-mediated immunity (immunosenescence) and chronic inflammation
(inflammaging) in the elderly compared to the young are marked by red arrows. Levels of
inflammatory cytokines become elevated with age at the steady state as well as under infection.
Phagocytic cell functions decline with age, resulting in reduced phagocytosis and bacterial
killing. We propose multiple host-informed therapies (blue boxes) specific to combating S.
pneumoniae infection in the elderly to 1. reduce cell-directed inflammation; 2. increase neutrophil
function; 3. increase macrophage function.

Abbreviations: CXCL1, C-X-C motif chemokine ligand 1; EAD, extracellular adenosine; IL-B, interleukin-beta;
IL-6, interleukin-6; IL-10, interleukin-10; N®, neutrophil; NFkB, nuclear factor kappa-light-chain-enhancer of
activated B cells; TNF, tumor necrosis factor; TNF-a, tumor necrosis factor-alpha; TUDCA,
tauroursodeoxycholic acid.
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1.5.2 Sickle cell disease

Sickle cell disease (SCD) is the most common genetic disorder worldwide and results in
the production of structurally abnormal and functionally defective red blood cells. Sickle
cell patients, especially children, are highly susceptible to invasive S. pneumoniae
infection and present with more abrupt and severe manifestations '%. HITs that would
benefit this susceptible patient population could be focused on overcoming diminished

vaccine responses, and/or chronic endothelial inflammation.

1.5.2.1 SCD-niche targeted pneumococcal vaccination

Protection against pneumococcal infection in the SCD population is largely dependent
on vaccination with pneumococcal polysaccharides, which generates protective 1gG
antibodies that are essential for opsonization, immune recognition, and clearance of
pulmonary infections. However, splenic function decreases progressively in SCD, which
leads to decreased antibody production and a diminished response to vaccination. To
further complicate this problem, pneumococcal vaccines such as PPSV23 which covers

23 serotypes, provide far from exhaustive protection .

A murine SCD infection model coupled with transposon-insertion sequencing (Tn-Seq)
identified a number of S. pneumoniae virulence factors essential in a wild-type mouse
with an intact immune system but no longer required for survival in a SCD mouse model
% These data illustrate the existence of significant differences in host environments,
including potential differences in the complement system and nutrient availability (e.g.,
iron). Importantly, experiments highlight how this can affect vaccine efficacy. For
instance, two common pneumococcal vaccine antigens that effectively protect the
general population - the complement degrading protease (CppA) and an iron transporter
(PiaA) - show little efficacy in preventing pneumococcal infection in a SCD mouse model
1% Therefore, vaccination strategies for SCD patients can be improved by customization
with antigens specifically required for pathogenesis in the SCD host environment.
Furthermore, since SCD patients have decreased splenic function and consequently
decreased antibody production, adjuvants to promote IgG production can be beneficial.

For instance, administering the type Il heat-labile enterotoxin (LT-IIb) adjuvant during
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pneumococcal vaccination promotes IgG production in mice and is especially effective

in protecting against invasive S. pneumoniae isolates '*.

1.5.2.2 Platelet-activating factor receptor (PAFr) blockade

As a result of chronic hypoxia and recurrent infection, SCD patients often suffer from a
chronically activated vascular endothelium that expresses a variety of adhesion
molecules and surface lectins. Platelet-activating factor (PAF) is an endothelial
adhesion molecule known to be overexpressed under inflammatory conditions in SCD
patients. PAFr is a G protein-coupled receptor that normally binds PAF, but also binds
phosphorylcholine, which is part of the pneumococcal cell wall and mimics the bioactive
end of PAF. PAFr binding to choline allows for bacterial adhesion and entry into
endothelial cells, leading to access to the bloodstream and systemic disease. Blocking
PAFr attenuates pneumococcal infection and prolongs host survival in experimental SCD
mouse models '"°. A PAFr blocking antibody, a blocking peptide, or a receptor antagonist
111

in conjunction with antibiotic therapy could thus be a particularly beneficial HIT for

SCD patients with pneumococcal infection.

Targeted pneumococcal vaccination strategies and blocking PAFr in SCD patients can
provide protection against pneumococcal infection and obstruct bacterial attachment
and endothelium entry. Therefore, HITs that target the disrupted mechanisms in SCD

patients could protect this uniquely susceptible population from infection.

1.5.3 Impaired immune defenses in the elderly

Infection-related deaths make up one-third of all elderly deaths (aged over 65), and
pneumococcal pneumonia ranks in the top 10 causes of infection in this population '*2,
One reason the elderly succumb to infection at higher rates is age-related changes in the
immune system "'*"'%_ This can be generally categorized into inflammaging, a chronic
elevation of basal and induced inflammation, and immunosenescence, a decline in cell-

mediated immunity (Figure 1.4b).
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1.5.3.1 Inflammaging

Inflammation during S. pneumoniae infection is enhanced with age, as characterized by
increased levels of chemokines and inflammatory cytokines such as TNF-a and
decreased anti-inflammatory cytokines such as IL-10 "* "5, Specifically, chronic
exposure to TNF-a allows for premature monocytes to exit the bone marrow and
extravasate to the site of infection during S. pneumoniae challenge, leading to increased

bacterial burden '®

. In aged mice, both TNF-a blocking antibodies and charged
microsphere-mediated depletion of TNF-a -producing Ly6C+ monocytes show

therapeutic potential in combating S. pneumoniae infection '° (Figure 1.4b).

Vitamin E is an antioxidant with anti-inflammatory functions '?. Alpha-tocopherol (a-Toc),
the most bioavailable form of Vitamin E, restores immune responses in older adults,
specifically in memory T cell-, CD4 T cell-, and antibody-mediated responses. In the
context of S. pneumoniae infection, a-Toc limits excessive inflammatory neutrophil
recruitment to the lung, both by downregulating proinflammatory chemokines and limiting
adhesion molecule expression on neutrophils '*®'*® (Figure 1.4b). Supplementation of a-
Toc in aged mice results in a drastic decrease in S. pneumoniae bacterial burden '*°,
suggesting that the elderly population could benefit from Vitamin E supplementation to
curtail S. pneumoniae-induced neutrophil-mediated inflammatory processes.
Importantly, supplementation with a-Toc offers protection against respiratory infections
of both viral and bacterial origin in the elderly °. This suggests that addressing
inflammaging in the elderly can generally decrease infection susceptibility and improve

quality of life.

1.5.3.2 Immunosenescence

During aging, oxidative stress and mitochondrial damage accumulation can overwhelm
cellular antioxidant capability. In macrophages, this leads to decreased mitochondrial
ATP production, defective macrophage activation, and reduced responsiveness to

121

bacterial infection . Pirfenidone, an anti-fibrotic drug with antioxidant and anti-
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inflammatory properties, enhances mitochondrial and macrophage function in mouse
models of S. pneumoniae infection, and limits exacerbated inflammatory cell recruitment

leading to tissue damage **' (Figure 1.4b).

Aging also leads to an accumulation of unfolded and misfolded proteins in the
endoplasmic reticulum (ER) lumen, inducing an unfolded protein response (UPR) that
can impair immune signaling. As a result of UPR activity, aged macrophages show
defective ‘NLR family pyrin domain containing 3’ (NLRP3) inflammasome activation
during S. pneumoniae infection '?2. Enhanced ER stress can also inhibit macrophage
response to S. pneumoniae through activity of the autophagy-related gene 9 (Atg9a) '%.
Treatment with the ER stress-reducing agent tauroursodeoxycholic acid (TUDCA), or with
the nucleoside metabolic inhibitor gemcitabine to suppress Atg9a expression, effectively
restores bactericidal activity against S. pneumoniae in aged macrophages '#*'# (Figure
1.4b). Therapeutic interventions that promote autophagy may help restore the autophagic
response to S. pneumoniae in aged macrophages, in contrast to promoting autophagy
in otherwise healthy (non-aged) macrophages as described above. Similar strategies can
be employed against other autophagy-inducing pathogens that show increased virulence
in the elderly, including Legionella pneumophila, Listeria monocytogenes, and M.

tuberculosis 124128,

Neutrophil function is known to decline with age, displaying diminished phagocytosis,
reactive oxygen production, neutrophil extracellular trap formation, and chemotaxis *?*
29 Upon cellular insult, including pneumococcal infection, ATP is released from cells and
metabolized to extracellular adenosine (EAD). EAD is recognized by EAD A1 receptors
expressed on neutrophils to regulate intracellular killing required for effective neutrophil-
mediated clearance. Pharmacological or genetic driven increase of EAD production (e.g.
through inhibition of EAD-degrading adenosine deaminase) rescues age-related

180 reduces

neutrophil defects in pneumococcal killing ', inhibits IL-10 production
epithelial PAFr expression, and limits S. pneumoniae invasion **' (Figure 1.4b). Moreover,
since the EAD response is also triggered by pathogens other than S. pneumoniae '*,
EAD supplementation may be effective in limiting pathologic inflammation in the context

of other bacterial infections in the elderly population.
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1.6 Overview of this thesis

In this thesis, we use Streptococcus pneumoniae, the gram-positive pathogen
responsible for the majority of bacterial respiratory tract infections worldwide, as a case

study to:

Chapter 2 | Generate a genome-wide map of bacterial immune (complement) evasion
targets and use findings to design novel host-informed therapies.

Chapter 3 | Generate a dual host/pathogen transcriptome map to identify signatures of
infection outcome.

Chapter 4 | Validate signatures of bacterial antibiotic resistance/tolerance in a murine

lung infection model.

Overall, this work exemplifies how multi-omics methods can elucidate the intricacies of
bacterial pathogenesis but, more importantly, aid in the target identification, validation,

and rational design of novel antibacterial host-informed therapies.
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Figure 1.5 | Graphical overview of this thesis.

This thesis seeks to answer two key questions: (1) How does a bacterium escape the host immune
response on a phenotypic and transcriptomic level? and (2) What are bacterial and host signatures
of an infection on a phenotypic and transcriptomic level? Accomplishments from this thesis
contribute to the (1) target identification, validation, and rational design of novel antibacterial host-
informed therapies (HITs) and (2) methods to identify bacterial and host markers for application in
clinical diagnostics and prognostics.
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1.7 Glossary

Term

Definition

Antipyretic effect

A substance that reduces fever, by causing the hypothalamus to override a
prostaglandin-induced increase in temperature and the body thereby works to
lower overall temperature.

Canonical (non-
selective) autophagy

Regulated mechanism of eukaryotic cells that removes unnecessary or
dysfunctional components; a well-conserved lysosomal degradation pathway
that plays a key role in combatting bacterial infections.

Capsular serotype

S. pneumoniae capsular polysaccharides are composed of repeating units of
oligosaccharides. Based on chemical structure, >90 distinct capsular
serotypes can be defined.

Complement system

Arm of the immune system that enhances the ability of antibodies and
phagocytic cells to clear microbes and damaged cells, promote inflammation,
and attack the pathogen cell surface.

Endotoxemia

Systemic inflammation. A lethal proinflammatory condition characterized by
high blood levels of TNF-a, IL-1, IL-6, MIF, and other proinflammatory
cytokines.

Factor H

155 kDa glycoprotein and member of the regulators of complement activation
family and a vital complement control protein.

Host-informed therapy

(HIT)

Defined here as existing and proposed therapies specifically designed with the
state of the host in mind, tailored to either intact or perturbed immune
processes resulting from unique host susceptibilities to bacterial disease.

Neuraminidase

Influenza A virus surface glycoprotein on the virion surface and a main target
for host neutralizing antibodies.

PB1-F2

90 amino acid protein expressed in influenza A viruses; implicated in viral
pathogenicity including cell death, immunopathology, and induction of host
proinflammatory responses.

Immunosenescence

A decline in cell-mediated immunity (i.e., phagocytic cells, such as
neutrophils/macrophages) associated with old age.

Inflammaging

Chronic elevation of basal and induced inflammation associated with old age.

LC3-associated
phagocytosis (LAP)

LAP combines the molecular machinery of phagocytosis with that of
autophagy, resulting in LC3-decorated phagosomes or LAPosomes which
show enhanced fusion with lysosomes resulting in enhanced killing and
degradation of contained pathogens within the LAPosomes.

Opsonization

Molecular mechanism whereby pathogenic molecules, microbes
(bacteria/virus/fungi), or apoptotic cells are marked by host antibodies,
complement, or other proteins. This "marking" allows recognition and
attachment to cell surface receptors on phagocytic or NK cells to facilitate
clearance.

Platelet-activating
factor (PAF)

Phospholipid activator that mediates leukocyte functions, platelet aggregation
and degranulation, and inflammation. PAF is produced by numerous cells
involved in host defense, including platelets, endothelial cells, neutrophils,
monocytes, and macrophages.

Platelet-activating
factor receptor (PAFr)

G-protein coupled receptor which binds platelet-activating factor (PAF).

Pneumococcal
polysaccharide
vaccine

23-valent pneumococcal polysaccharide vaccine (PPSV23; Pneumovax,
Merck) covering 23 S. pneumoniae virulent serotypes; licensed in 1983 and
recommended for patients aged 65 years and older or 2-64 years of age with
preexisting health conditions such as chronic heart/lung disease, SCD, HIV
infection, or immunosuppression.

Pneumococcal
protein-conjugated
polysaccharide
vaccine

Pneumococcal vaccines based on protein-conjugated polysaccharides
(PCV13 and PCV23/Prevnar, Pfizer); routinely given to children at 2, 4, 6, and
12-15 months of age, recommended for children and adults 2-64 years of age
with certain health conditions, and for all adults 65 years of age and older.
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Th17-mediated
immunity

Distinguished by the production of interleukin-17 (IL-17), Th17 cells develop
from Th progenitors under the influence of a network of inflammatory
cytokines, including IL-1, IL-6, and TGF-B. The Th17 response is critical in host
defense against extracellular pathogens, particularly bacteria that colonize
mucosal surfaces, including S. pneumoniae.

Toll-like receptor 4
(TLR4)

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs), a key
component of innate immunity. TLR4 specifically recognizes bacterial
lipopolysaccharide (LPS), along with several other components of pathogens
and endogenous molecules produced during insult (i.e., tissue damage).

Type | interferon (IFN-I)
antiviral response

Pleiotropic cytokines that trigger antiviral states in cells and potentiate
adaptive immune responses. Upon induction in the innate immune response,
IFN-I triggers the expression of interferon-stimulated genes which upregulate
the effector function of immune cells (such as dendritic cells, B cells, T cells)
toward the successful clearance of infections.

Unfolded protein
response (UPR)

Changes in the function of the endoplasmic reticulum in host cells can result
in the accumulation of unfolded/misfolded proteins, referred to as ER stress.
ER stress engages the UPR, an adaptive reaction that reduced unfolded
protein load to maintain cellular functions and viability.
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2.1 Summary

Complement activation is a critical first line of defense against bacterial pathogens.
Individuals with complement deficiencies are more sensitive to invasive infections by
gram-positive bacteria such as Streptococcus pneumoniae. During the innate immune
response, bacteria are first opsonized, or marked, for phagocytosis by the major
complement protein C3 which triggers recognition and engulfment by neutrophils
recruited to the site of infection. Activation of the innate receptors on the surface of
neutrophils initiates antimicrobial mechanisms, ultimately destroying the pathogen. S.
pneumoniae has numerous mechanisms to avoid C3 complement deposition, of which
we only possess a limited understanding. Combining an in vitro C3 deposition assay,
FACS selection, and Tn-Seq, we developed a robust method, host-immune-interaction-
Tn-Seq, or Hii-TnSeq, to obtain a high-resolution, genome-wide understanding of the
surface proteins and associated molecular pathways used by the bacterial pathogen to
avoid complement deposition. Specifically, we show that S. pneumoniae has multiple
previously uncharacterized gene products that impede C3 deposition on the bacterial cell
surface, including the pilus-1 protein, a putative C3-degrading protease, and the thiamine
pyrophosphokinase. In vivo targeted therapeutic studies demonstrate that directed
antibodies against two identified proteins reduce the bacterial burden to non-lethal levels.
In conclusion, we identified and validated newly identified S. pneumoniae surface
proteins involved in complement evasion, and we demonstrated that these proteins are

suitable targets for developing targeted antimicrobial therapies.
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2.2 Introduction

Although vaccines and antibiotics have been historically successful in combating
bacterial infections, limited vaccine coverage and the rise of antibiotic resistance
emphasize the need to develop alternative strategies to reduce the health burden of
bacterial infections. Most pathogenic bacterial species express surface proteins of which
a subset is involved in avoiding detection and/or immune clearance by the host.
Importantly, their surface localization makes them in principle directly targetable and
accessible to immune components. This suggests that if these bacterial proteins could
be efficiently targeted, for instance with an antibody-based therapeutic, we could restore
bacterial detection by the host immune system, a strategy known as an

immunostimulatory host-informed therapy (HIT) .

Bacteria have developed a myriad of mechanisms and strategies to evade host immune
machinery and promote their survival and proliferation °>. Complement evasion is one of
the most common immune evasion strategies . Complement activation starts through
one of three cascade pathways (classical, mannose-lectin, and alternative) that converge
at the level of C3 convertase formation and result in the cleavage of the central C3

molecule &

. Amplification of C3 deposition occurs via the alternative pathway C3
convertase, which also promotes the formation of C5 convertases directing the cleavage
of C5 into C5a and C5b. Cba is a potent anaphylatoxin that recruits inflammatory cells,
specifically  neutrophils.  Following  neutrophil  arrival,  neutrophil-mediated
opsonophagocytic killing, or NMOK, is initiated. First, innate receptors on neutrophils’
surfaces recognize C3 opsonized bacteria triggering their engulfment, after which
antimicrobial factors destroy internalized bacteria in the phagolysosome *'°. Activation of
any of the three complement pathways partially depends on bacterial-encoded surface
proteins necessary for mediating the first and critical step of NMOK. Gram-negative and
gram-positive pathogens mask their surface antigens with a carbohydrate capsule or

alter their surface lipids to avoid complement deposition.

The human bacterial pathogen Streptococcus pneumoniae, a major cause of community-
acquired pneumonia and mortality, is an excellent example of a bacterial pathogen

capable of successfully evading complement. Annually, ~1 million children (<5 years of
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age) and ~0.5M immunocompromised individuals (e.g., elderly, patients with primary and
secondary immunodeficiencies) succumb to S. pneumoniae infections ", making it an
important global pathogen. In industrialized countries, nearly every child experiences an
ear infection before the age of 5; approximately 30-50% of which are caused by S.
pneumoniae '2. This results in ~25 million medical visits and accounts for ~$3 billion spent
annually on treatments . S. pneumoniae especially remains a threat to patients with
complement deficiencies (e.g., multiple myeloma, Sickle Cell Disease) and impaired
neutrophil function (e.g., Chediak-Higashi syndrome), but we lack a clear understanding
of the interplay between impaired innate immune function and the pathogen. To evade
complement attack, S. pneumoniae has evolved multiple virulence factors contributing
to complement resistance including the thick polysaccharide capsule, PspA and PspC
1418 10 inhibit C3 convertase formation and LytA to reduce opsonization by C3b *®'7. While
these factors have been identified as contributing to C3 inhibition, we continue to be
short of a complete understanding of bacterial proteins involved at the S. pneumoniae-
C3 interface.

In this study, we use an in vitro C3 deposition assay and FACS enrichment in combination
with Tn-Seq *® (Host-immune-interaction-Tn-Seq; Hii-TnSeq) to generate a genome-
wide understanding of complement deposition evasion in S. pneumoniae *°. We
benchmark our method and analysis with numerous validations, including in vitro growth
and in vitro C3 deposition of single-gene knockout strains. By combining Hii-TnSeq data
with in vivo-infection Tn-Seq data, we predict a panel of C3 evasion factors in S.
pneumoniae and experimentally validate them ex vivo and during an in vivo mouse
infection. Most notable novel genetic mechanisms of complement evasion include gene
products involved in degradation pathways, bacterial pilus formation, and the thiamine
salvage pathway. Finally, treating animals with specific antibodies against identified C3
deposition evasion targets lead to bacterial clearance and faster infection resolution. Our
results demonstrate a complete genetic characterization of complement deposition
evasion in S. pneumoniae, which extends far beyond the polysaccharide capsule.
Ultimately, we can combine existing high-throughput screening tools (i.e., Tn-Seq), with
key components of the immune system (i.e., complement deposition) to build bacterial
genotype-phenotype immune interaction maps (Hii-TnSeq) to develop novel targeted

antimicrobial strategies.
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2.3 Results

2.3.1 A genome-wide view of bacterial C3 deposition reveals novel routes to

complement evasion

Previous studies in S. pneumoniae identified factors that reduce or inhibit C3 deposition,
including the choline-binding proteins PspA, PspC, and LytA 22 and the
exoglycosidases NanA, BgA, and StrH 2*?*, However, understanding how S. pneumoniae
proteins are mechanistically involved in dampening C3 deposition across the entire
genome and multiple strains still needs to be determined. Tn-Seq is a powerful tool that
combines transposon (Tn) mutagenesis with lllumina sequencing to rapidly identify all
bacterial genes required in a given environment '*?°, Similar to previous methods that
employed sorting-based enrichment of Th mutants to screen for a particular phenotype
%21 we hypothesized that Tn-Seq, in combination with a FACS-based C3 deposition

28-30

assay , could generate a genome-wide map of the genetic determinants of C3

deposition evasion in S. pneumoniae.

In the first step of the Hii-TnSeq procedure, exponential phase S. pneumoniae cultures
are challenged to C3 deposition in infant rabbit serum and subsequently incubated with
an anti-C3 rabbit FITC-conjugated antibody (Figure 2.2a). The obtained percentage of
FITC+ cells visualized by flow cytometry is an indirect measure of C3 deposition. S.
pneumoniae’s polysaccharide capsule works as an effective C3 deposition blocking
agent *"%_ In order to validate the procedure, we first tested S. pneumoniae TIGR4
(serotype 4, virulent strain) wildtype (WT) and a TIGR4-derived acapsular (ACapsule)
strain (Figure 2.2d). As expected, TIGR4 WT consistently has a low FITC intensity/C3
deposition (with only 5-10% of the cell population FITC+), while acapsular TIGR4
consistently has a high FITC intensity/C3 deposition (70-100% FITC+). For the genome-
wide screen, two independently constructed TIGR4 Tn libraries were assayed with this
protocol at least six times (technical replicates to account for sample-to-sample
variation). Fluorescence-activated cell sorting recognizes C3 deposition on the cell
surface of Tn mutants, binning the cells by FITC fluorescence intensity into bin zero, one,

two, or three, with bin three containing the Tn mutants with maximum FITC intensity/C3
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deposition (Figure 2.2b). DNA extracted from the different bins' sorted cells is processed

1832 |llumina sequenced, and analyzed (Figure 2.2c).

Using our in-house pipeline, Aerobio, sequencing reads mapped to the S. pneumoniae
TIGR4 genome are used to calculate each Tn mutant's frequency within bins zero, one,
two, and three. The frequency ratio between bin three (C3+++) and bin zero (C3 negative
population) estimates the fold enrichment of each mutant. To consider a nonessential
gene a potential C3 evasion factor, all or most of the Tnh mutants in that gene should be
significantly enriched in bin three compared to bin zero (Figure 2.2e). Therefore, using
the data obtained from Hii-TnSeq, the genes involved in C3 deposition evasion must fulfill
two requirements: 1) the calculated average of every mutant’s log2 fold change
(bin3/bin0) in every gene is over 2.0 (Figure 2.3a, blue + green points), and 2) this
average is significantly different from the expected non-enriched value (defined as the

median of the fold change distribution for every nonessential gene).

Using this conservative approach, we identified 27 genes (hyper-enriched Tn mutants)
with a potential role in allowing S. pneumoniae to evade C3 deposition and downstream
processes such as NMOK (using a mutant log2 fold change over 5.0 to reduce the
dataset, Figure 2.3a, green points). These genes belong to pathways and processes
across all gene functional categories, including but not limited to: amino acid metabolism,
capsule/carbohydrate metabolism, DNA repair and editing, folding/sorting/degradation,
membrane transport, and of hypothetical/uncharacterized function. We selected a subset
of 12 hits (Figure 2.3b, SP0084 and SP0470 not pictured) for downstream validations
based on at least one of three key features: (1) a previously unpublished association to
bacterial C3 complement deposition evasion; (2) localization to the bacterial cell surface
as a potential target for a novel antibacterial therapy; (3) requirement for in vivo infection
based on previous Tn-Seq datasets . This panel includes the following surface-
localized hits: PTS sugar transport IIC (celB; SP0250), the backbone of the pilus-1 protein
(rrgB; SP0463), the putative C3-degrading protease (cppA; SP1449), and a methionine
ABC transporter (SP1957, SP1958). In addition to surface localized proteins that allow S.
pneumoniae to evade C3 complement deposition, we found disrupting key intracellular
processes can additionally result in a hyper complement deposition phenotype, including

a proline dipeptidase (pepQ; SP1591) and a thiamine pyrophosphokinase (SP1982).
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Finally, exoglycosidases including a putative amylase (amy; SP1382) and galactokinase
(g9alK; SP1853) were included in the panel, potentially operating by a similar method to
NanA, BgA, and StrH 22* and/or involved in polysaccharide capsule biosynthesis. Our
comprehensive findings highlight the strength of Hii-TnSeq to generate a genome-wide
picture of all bacterial proteins involved in dampening C3 deposition across the bacterial

intracellular space, membrane, cell wall, and capsule.
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Figure 2.2 | Overview of a genome-wide screen (Hii-TnSeq) for the identification of bacterial
genetic determinants of C3 deposition evasion.

a. High-saturation transposon mutant libraries in the S. pneumoniae strain TIGR4 are subjected
to C3 deposition in infant rabbit serum, labeled with an anti-C3 FITC-conjugated antibody, and
screened for their C3 deposition phenotype through FACS. b. Mutants are sorted based on FITC
intensity (negative, low, medium, or high; a representative library is pictured), after which DNA is
extracted from each sorted bin and an additional unsorted input library to prepare Tn-Seq libraries.
c. After lllumina sequencing, reads are mapped to the S. pneumoniae TIGR4 genome to identify
the location of transposon insertions within each sorted bin sample (n=2 high saturation libraries,
each consisting of 6 independent sorts into 4 bins). The number of unique insertions within a gene
or feature is compared between negative, low, medium, and high bins to identify potential C3
deposition evasion factors across the S. pneumoniae TIGR4 genome. d. A representative TIGR4
wildtype (isogenic strain) negative control has 12.2% FITC+ (P3+P4+P5) or a low C3 deposition
phenotype; a representative TIGR4 ACapsule (isogenic strain) positive control has 87.7% FITC+
(P3+P4+P5) or a hyper C3 deposition phenotype. e. A representative negative or non-enriched Tn
mutant has a low % FITC+ if it were to independently be subjected to the C3 deposition assay,
and a representative positive enriched Tn mutant alternatively has a high % FITC+.
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Figure 2.3 | Hii-TnSeq reveals both established and novel bacterial C3 deposition evasion
factors.

a. Hii-TnSeq analysis workflow consists of first defining the mean mutant frequency for each gene
in each bin, calculating the fold change of each mutant’s frequency in bin three (C3+++) compared
to bin zero (C3 negative), and assigning statistical significance to each mutant’s enrichment value
compared to the median of the distribution. Significant enrichment of mutants in bin three (C3+++)
samples compared with the bin zero (C3 negative) sorted controls, as determined via multiple
unpaired t-tests of [mutant frequency in high bin/mutant frequency in negative bin] compared to
the median of the distribution. The first vertical line indicates a log2 fold change (FC) of =2.0 (blue
points; enriched mutants) and the second vertical line indicates a log2 fold change (FC) of =5.0
(green points; hyper enriched mutants). Genes whose interruption likely causes acapsular
phenotypes are highlighted as red points. b. A selected panel of 10 hyper enriched hits, in order
of S. pneumoniae TIGR4 genome locus tags, with the log2 fold change (FC) (enrichment value)
shown. c. A heatmap overlaying the selected panel of hyper enriched Hii-TnSeq hits with
published S. pneumoniae TIGR4 Tn-Seq phenotypes in the nasopharynx and lungs of mice 337
and the lungs of a sickle cell disease mouse model *°. Green indicates a fitness defect when the
gene is disrupted, while white indicates no effect on fitness. SCD = sickle cell disease mouse
model. Grey indicates gene with no overlaid Tn-Seq data.

50



2.3.2 Capsule-independent mechanisms contribute to S. pneumoniae C3 evasion

Capsule levels influence susceptibility to C3 complement deposition,
opsonophagocytosis, and virulence in models of sepsis *'*. Less encapsulated strains
are more susceptible to C3 deposition (as modeled by the TIGR4 acapsular positive
control, Figure 2.2d) and neutrophil-mediated killing, while more encapsulated strains
(as modeled by the TIGR4 wildtype negative control, Figure 2.2d) are more resistant to
these processes and are also more virulent during systemic (blood) infection. Based on
S. pneumoniae capsule’s crucial interactions with the immune system, it is not surprising
we identify the capsule sugar transferase (SP0350), responsible for attaching the first
capsule reside to the lipid carrier undecaprenyl phosphate (UP) %, as a C3 complement
deposition evasion factor. This finding speaks to the strength of our assay to construct a
complete genome-wide map of complement evasion in S. pneumoniae, including well

established factors.

To benchmark Hii-TnSeq and test whether our data analysis method and identified panel
of hits are in fact C3 deposition evasion factors, site-directed knockout strains were
constructed in S. pneumoniae * for the panel of twelve selected hits and subjected to
the C3 deposition assay (Figure 2.4a). S. pneumoniae TIGR4 WT and ACapsule strains
were included as controls and for setting flow cytometry gates (Figure 2.4b). Of the
twelve constructed strains, ten confirmed the hyper C3 deposition phenotype, with a
subset comparable to the TIGR4 ACapsule control (Figure 2.4c¢). Two knockouts from
our panel, ASP0084/hk08 and ASP0470/hypothetical protein, did not validate, likely due
to (1) polar effects of the magellan6 transposon, or (2) redundancies in two-component
systems (SP0084, the histidine kinase of two-component system 08) across the S.
pneumoniae genome. The validation experiments of these ten factors highlight that Hii-

TnSeq is able to accurately predict a gene’s contribution to complement deposition.

As the polysaccharide capsule hinders C3 deposition, the ten validated strains' capsule
levels were measured by flow cytometry to assess whether enhanced C3 deposition of
the knockout panel was capsule-dependent or independent (Figure 2.4d). In this assay,

the mean fluorescence intensity for the TIGR4 WT control is approximately 200-fold
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higher than that of TIGR4 acapsular cells (Figure 2.4e). Aside from the capsule sugar
transferase (SP0350) knockout, all the validated strains display a similar capsule
expression to TIGR4 WT (Figure 2.4f), confirming the knockouts’ hyper C3 deposition
phenotype was not due to disrupted capsule expression. Overall, Hii-TnSeq identifies
novel uncharacterized complement evasion mechanisms that extend beyond the

polysaccharide capsule.
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Figure 2.4 | Single gene knockouts can individually lead to hyper C3 deposition on the
bacterial cell surface, independent of the polysaccharide capsule.

a. Schematic of C3 deposition assay. b. The S. pneumoniae TIGR4 wildtype (WT) strain exhibits
a low C3 deposition phenotype (~7-10% FITC+), while the TIGR4 acapsular strain (ACapsule)
exhibits a hyper C3 deposition phenotype (~70-90% FITC+). c. Twelve enriched genes, identified
by Hii-TnSeq, were selected to construct isogenic single gene knockout strains, and validated by
C3 deposition assay and flow cytometry analysis. Ten of twelve strains confirmed to have a hyper
C3 deposition phenotype, indicated by a FITC+ shift from TIGR4 wildtype (blue). d. Schematic of
capsule quantification assay. e. Capsule quantification assay by flow cytometry is set up with
controls TIGR4 wildtype exhibiting a high capsule phenotype (~100% FITC+), while the TIGR4
ACapsule strain exhibits a low capsule phenotype (<10% FITC+). f. Ten validated (and two non-
validated; SP0084 and SP0470) isogenic single gene knockout strains were assayed for capsule
phenotype, all of which had wildtype levels of capsule, aside from Acps4E (SP0350), indicating
C3 deposition evasion in S. pneumoniae extends far beyond the well characterized polysaccharide
capsule. Flow cytometry data is representative of three independent experiments, Supplemental

Figures 2.3 and 2.4.
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2.3.3 Ex vivo and in vivo importance of identified C3 evasion factors

The requirement and significance of bacterial factors in vivo are far more complex than
during the in vitro C3 deposition assay, which raises the question of whether many of our
findings from Hii-TnSeq are important during an active S. pneumoniae infection. In vivo
Tn-Seq data %% predicts that (1) ASP0250/celB, (2) ASP0350/cps4E, ASP0463/rrgB, (4)
ASP1449/cppA, (5) ASP1591/pepQ), (6) ASP1957, and (7) ASP1982 Tn mutants have a
fitness defect in the mouse lungs (Figure 2.3c). A mouse pneumonia model to evaluate
the phenotype of the seven knockouts (Figure 2.5a, left panel) revealed that only
ASP0463/rrgB, ASP1449/cppA, and ASP1982/thiamine pyrophosphokinase have
significantly attenuated virulence. Infection with these strains exhibited a lower clinical
score and reduced bacterial burden in the lungs (Figure 2.5b, left panel); however, only
ASP1449/cppA, and ASP1982/thiamine pyrophosphokinase presented significant
attenuation in the bloodstream (Figure 2.5b, right panel). While Hii-TnSeq is a powerful
method to generate a genome-wide map of S. pneumoniae complement evasion, C3
deposition performed in vitro may not reflect in vivo phenotypes due to evolved bacterial
virulence redundancies across the genome. This rationale could explain the lack of
virulence attenuation of ASP0250/celB, ASP1591/pepQ, and ASP1957 knockouts during
a mouse lung infection. The lack of virulence C3-mediated attenuation in mice infected
with ASP0250/celB, ASP1591/pepQ, and ASP1957 could be further explored by
performing C3 deposition on S. pneumoniae knockout strains harvested from the mouse

lung.

To model neutrophil-mediated opsonophagocytic killing (NMOK) ex vivo, the three
knockouts with attenuated in vivo virulence plus TIGR4 WT and ACapsule strains were
opsonized in infant rabbit serum and subsequently incubated with freshly isolated mouse
bone marrow neutrophils to determine S. pneumoniae survival (Figure 2.5a, right panel).
The three knockouts (ASP0463/rrgB, ASP1449/cppA, and ASP1982/thiamine
pyrophosphokinase) and the TIGR4 acapsular control displayed a significantly reduced
survival compared to the TIGR4 wildtype (Figure 2.5c), suggesting these gene products

are required in vivo for S. pneumoniae to withstand NMOK.
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Finally, we further addressed the link between the attenuated knockouts and C3
deposition evasion by infecting complement-depleted animals (complement depletion by
cobra venom factor; Figure 2.6a). Under these conditions, infection with knockouts
ASP0463/rrgB, ASP1449/cppA, and ASP1982/thiamine pyrophosphokinase resulted in
increased bacterial survival compared to TIGR4 WT infection in both the mouse lungs
and bloodstream of C3-depleted animals (Figure 2.6b). This data further confirms the
importance of RrgB, CppA, and the thiamine pyrophosphokinase for S. pneumoniae
virulence and pathogenesis. Paired with our C3 deposition and opsonophagocytic killing
data, we can state that these factors contribute to S. pneumoniae’s evasion of
complement deposition and clearance in vivo, making them indispensable to the

pathogen to cause pneumonia and further complications such as bacteremia.
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Figure 2.5 | S. pneumoniae gene knockouts with a hyper C3 deposition phenotype have a
bacterial virulence defect in vivo and an enhanced opsonophagocytic killing ex vivo.

a. Schematic of infection timeline in mice with intact innate immunity (left) and of mouse bone
marrow neutrophil purification and functional opsonophagocytic killing assays (right). b. Mouse
infections with TIGR4 WT or isogenic single gene knockouts (KO) confirm ASP0463, ASP1449,
and ASP1982 are less fit as determined by recovered CFU/mL in the lungs (left panel; n=5-6
mice/condition; lines represent the mean + SEM). ASP0463 and ASP1982 are less fit to enter and
replicate in the bloodstream, as determined by recovered CFU/mL in the blood by cardiac
puncture (right panel; n=5-6 mice/condition; lines represent the mean + SEM). c. Percent of S.
pneumoniae TIGR4 wildtype (WT) or KO strains survival after interaction with bone marrow
neutrophils purified from mice intranasally (i.n.) exposed to S. pneumoniae TIGR4 WT, opsonized
with 10% infant rabbit serum (n=OPK reactions using pooled purified neutrophils isolated from 4
mice/group). Data are pooled from three independent experiments, with colony-forming units
(CFU) plated in duplicate or triplicate. Data are displayed as mean + SEM. Significance is
measured through a two-tailed t-test: *p<0.01, **p<0.001, **p<0.0001.
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Figure 2.6 | S. pneumoniae knockouts with a hyper C3 deposition phenotype are entirely

virulent in C3-depleted animals.

a. Schematic of infection timeline in mice with depleted C3 complement by cobra venom factor
(CVF, blue) compared to mice with intact innate immunity (grey). b. The phenotypes of ASP0463,
ASP1449, and ASP1982 in the mouse lungs are rescued in C3-depleted mice, at a lower inoculum
dose of 5x10° CFU (left panel; n=4-6 mice/condition; lines represent the mean + SEM). Similarly,
the phenotypes of ASP0463, ASP1449, and ASP1982 in the mouse bloodstream are rescued in
C3-depleted mice, at a lower inoculum dose of 5x10° CFU (right panel; n=4-6 mice/condition; lines
represent the mean + SEM). Significance is measured through a two-tailed t-test: *p<0.01,

**p<0.001, **p<0.0001.
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2.3.4 RrgB and CppA can be therapeutically targeted in vivo with an antibody

approach

By identifying bacterial immune evasion targets to restore key immune processes
previously escaped by the pathogen, genome-wide immune interaction data has the
potential to guide the development of targeted HITs. One strategy is a therapeutic
antibody either alone or in combination with the standard-of-care (broad-spectrum
antibiotic), similar to the strategy our group previously explored *. Of our validated Hii-
TnSeq hits, both RrgB and CppA are suitable targets due to (1) their surface localization
prediction; (2) gene disruptions lead to attenuated virulence (Figure 2.5b), and (3) they
are novel C3 evasion factors. We hypothesize that by specifically targeting their function,

we can restore otherwise compromised innate immune processes.

We tested this hypothesis using anti-RrgB or anti-CppA antibodies from rabbits
immunized with purified recombinant RrgB and CppA protein products. Mice intranasally
challenged with either TIGR4 wildtype, TIGR4 ASP0463/RrgB, TIGR4 ASP1449/CppA, or
PG13, a serotype 6C strain that does not contain RrgB but does contain CppA, were
treated with either vehicle (saline), a nonspecific polyclonal rabbit IgG or the target-
specific antibody at 1 mg/kg 8 hours post-infection (Figure 2.7a). After 24 hours post-
infection, the bacterial burden in the lungs and blood of TIGR4 wildtype recovered from
animals treated with the control IgG antibody or the vehicle control (saline) were high and
similar. However, in the presence of both the RrgB-targeting antibody and the CppA-
targeting antibody, the lungs-enumerated CFU is significantly reduced (Figure 2.7c-d).
RrgB-specific antibody treatment does not reduce the CFU recovered from animals
infected with the PG13 strain, whereas the CppA-specific antibody treatment does
reduce the CFUs, indicating potential applications of the CppA antibody to additional S.
pneumoniae clinical strains. Concurrently, separate groups of mice infected with TIGR4
wildtype and treated with either vehicle (saline), the RrgB-targeting antibody, and the
CppA-targeting antibody were monitored for symptoms (Figure 2.7b). While infection
seemed to rebound in mice treated with the RrgB-antibody, possibly due to the high
bacterial burden in the bloodstream at 20 hours post-infection (Figure 2.7c¢), treated mice
still had longer survival than the untreated group. Strikingly, CppA antibody-treated mice

had a significantly longer survival, with 70% of animals completely recovering from S.
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pneumoniae TIGR4 infection. The data shows that by targeting C3 complement evasion
factors such as RrgB or CppA, C3 deposition can be either partially or entirely restored,

resulting in downstream NMOK and at least partially reinstated bacterial clearance and

improvement of survival outcome.
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Figure 2.7 | CppA and RrgB, the S. pneumoniae C3-degrading protease and pilus-1
backbone respectively, inhibit C3 deposition and can be targeted with specific therapeutic
antibodies.

a. Schematic of infection and antibody administration timeline in mice. b. Survival analysis of mice
with vehicle (saline) treatment, 1.0 mg/kg anti-SP0463 (RrgB) antibody, or 1.0 mg/kg anti-SP1449
(CppA) antibody administered via intraperitoneal (i.p.) injection (n=10/group; Kaplan Meier analysis
with Log-rank (Mantel-Cox) test for significance determination). ¢. An in vivo lung infection with
TIGR4 WT or ASP0463 confirms the knockout is less fit. Challenging WT-infected mice with RrgB-
specific antibodies, significantly reduces the recovered CFUs 24-hours post infection in the mouse
lungs (left panel) and, in a lesser extent in the bloodstream (right panel). A nonspecific rabbit IgG
in the context of TIGR4 WT infection and the RrgB-specific antibody in the context of a S.
pneumoniae pan-genome (PG) strain (PG13) lacking the RrgB protein but containing the CppA
protein confirms antibody specificity. €. In vivo lung and blood infection with TIGR4 WT or
ASP1449 is less fit. Challenging WT-infected mice with CppA-specific antibodies, significantly
reduces the recovered CFUs 24-hours post infection in the mouse lungs (left panel) and the
bloodstream (right panel) of both TIGR4 and PG13 strains. Significance is measured through a
two-tailed t-test: *p<0.01, **p<0.001, **p<0.0001.
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2.4 Discussion

This work shows that Host-immune-interaction-Tn-Seq, or Hii-TnSeq, is a powerful, high-
throughput genetic screening platform to pinpoint immune evasion factors. Moreover, it
has the potential to be implemented in other genetically tractable bacterial pathogens or
assayed in different screenings that mimic key immune conditions. We demonstrate how
a subset of our identified hits present ex vivo and in vivo phenotypes and can be exploited
by targeted antimicrobial therapeutic strategies to induce bacterial killing via the immune
system. The immune-mediated killing of gram-positive bacteria strongly depends on
neutrophils to engulf bacteria via phagocytosis and kill them intracellularly. Complement
facilitates this process with C3 binding to the cell surface and stimulating neutrophil-
mediated opsonophagocytic kiling (NMOK). As a result, pathogenic microbes have
developed resistance to complement. S. pneumoniae holds a plethora of different
mechanisms to resist complement, including the expression of a surface polysaccharide
capsule that shields cell surface epitopes ', the expression of surface proteins to recruit
complement regulatory factors and serum proteases, the secretion of inhibitors to block
complement, and minimization of bacterial size %. In this work, we have extended the list
of known pneumococcal C3 evasion mechanisms. Our proof-of-concept studies show
that targeting two of these novel C3 evasion factors, RrgB and CppA, offer promising
alternative therapeutic strategies aimed at enhancing the immune system against S.

pneumoniae infection.

Future work with Hii-TnSeq in the context of S. pneumoniae and C3 deposition includes
fine-tuning the preliminary Hii-TnSeq screen. The flow cytometry strategy of binning cells
within bins negative, one, two, and three could introduce artificial boundaries and cause
researchers’ to preemptively omit phenotypically important findings across the bacterial
genome. Instead, we propose a refined approach with three bins/populations: negative,
low, and high, with the ‘high’ bin encompassing both bins two and three of the original
strategy described in this chapter (and eliminating the original bin one, that was not used
in analyzed data and follow up experiments due to close physical proximity to the C3
negative population). This refined Hii-TnSeq screen would reduce complexities within the
data analysis pipeline downstream of sequencing. Furthermore, the Hii-TnSeq dataset

includes a subset of Tn mutants with increased resistance to C3 deposition compared to
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the median of the distribution (Figure 2.3a, left points). Future studies to investigate
these phenotypes and link gene disruption to increased complement evasion in vitro are

under way.

Diving deeper into novel mechanisms of C3 deposition evasion, S. pneumoniae RrgB and
CppA have clear established links to bacterial virulence but have never been directly
linked to C3 deposition evasion. The rirA pathogenicity islet, containing RrgA/RrgB/RrgC
has a varied distribution among S. pneumoniae serotypes *°, and as part of the accessory
genome, RrgB is only present in 6 strains of our group’s 36-strain pan-genome collection
and expressed in only a subset of clinical pneumococcal isolates (~30%) *'. The TIGR4
bacterial surface is covered with multiple copies of the type-1 pilus (P1), decorating the
outer cell surface, promoting various interaction scenarios with host proteins during
infection. P1 may be impeding C3 deposition and NMOK by one of two modes: (1)
decorating its cell surface with additional host factors such as fibrinogen or collagen
known to bind RrgB *? to evade complement deposition and neutrophil recognition; or (2)
P1 directly interacts with complement receptor 3 (CR3) to promote CR3-mediated uptake
of S. pneumoniae by macrophages and spread of the pathogen from local sites of
infection (i.e., the lungs) to the bloodstream *%. Contrary to RrgB, CppA, annotated as the
S. pneumoniae putative C3-degrading protease, is present in all publicly available

pneumococcal genomes *

, is immunogenic in mice and protective against systemic
challenge *. CppA is required for S. pneumoniae fitness in the lungs and blood of
wildtype mice ¥ and required for nasopharyngeal transmission in a ferret model *°. The
direct linkage of C3-degrading activity to CppA has never been established prior to this
study, however nearly the entire amino acid sequence of CppA matches to the
glyoxalase/bleomycin  resistance protein/dihydroxybiphenyl  dioxygenase type
superfamily of proteins, which contain beta-alpha-beta motifs characteristic of various
types of enzymes with affinities for metal ions. The findings from Hii-ThSeq and
subsequent validations confirm a role in C3 evasion for both RrgB and CppA and suggest
a clear mechanism of action for a targeted therapeutic strategy against either bacterial

protein.

While antibiotics have significantly reduced disease occurrence caused by bacteria, we

face increasing antimicrobial-resistant (AMR) infections. Alarmingly, the development of
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new antimicrobials lags behind the emergence of resistance. While the development of
novel, canonical antimicrobials must continue, other approaches to augment/modulate
efficacy are also urgently needed for critical patient populations. Adjunctive therapies
targeting immune processes in combination with pathogen-targeted approaches (i.e.,
antibiotics) hold promise to widely treat bacterial infections. With the advancements in
immunophenotyping, biomarkers indicate the exact stage of infection (i.e., by rapid
transcriptomic analysis) and allow the monitoring of treatment success or failure. These
personalized approaches could give insight into the inflammatory state of infection (hypo-
or hyper-) and the application of the appropriate immune-stimulating or -modulating
therapeutics. To progress towards implementing such strategies in the clinic, we must
first build detailed genetic understandings of how a bacterium interacts with relevant
components of the host immune response. While in this study, we only target the RrgB
and CppA proteins in S. pneumoniae with specific antibodies, similar immune-enhancing
drug targets can also be utilized in various other treatment strategies, including but not
limited to: (1) an antibiotic and antibody dual approach; (2) an antibody carrying a drug
payload or antibody-recruiting moiety; or (3) conjugated nanobodies each targeting a
different bacterial surface protein. To further improve the RrgB/CppA-targeting antibody
therapeutic strategies, a higher antibody dose or administration in conjunction with a
broad-spectrum antibiotic can be pursued. We believe this study is both a case for
(re)envisioning the development of antimicrobials and a starting point for building

platforms to predict and validate immune-enhancing drug targets.
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2.5 Materials and Methods

Table 2.1 | Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Serum

Baby Rabbit Complement MP Biomedicals Cat# MP08642961
Type 4 Antisera Cedarlane Cat# 16747(SS)
Antibodies

Goat anti-Rabbit C3 IgG [FITC] MP Biomedicals Cat# 0855654
Goat anti-Rabbit IgG [FITC] Novus Biologicals Cat# NB120-6009
Anti-RrgB polyclonal antibody Jason Rosch’s lab N/A

Anti-CppA polyclonal antibody Jason Rosch’s lab N/A

Bacterial Strains

S. pneumoniae strain TIGR4 This study N/A

S. pneumoniae strain PG13

36-strain PG-collection

Rosconi et al. 2022

Chemicals, Peptides, and Recombinant Proteins

rRrgB Jason Rosch’s lab N/A

rCppA Jason Rosch’s lab N/A

Deposited Data

Tn-Seq reads This study NCBI accession pending
Experimental Models: Organisms/Strains

Swiss Webster mice, adult, female | Charles River Laboratories N/A

Oligonucleotides

See Table S4 This study N/A

Software and Algorithms

Tn-Seq insert comparison Tim van Opijnen’s lab ggﬁaslyggi?sig'com/jsa_
Prism 9 GraphPad N/A

Ethics statement

All experiments involving animals were performed with prior approval of and in
accordance with guidelines of the Boston College Institutional Animal Care and Use
Committee (IACUC), under Boston College IACUC approved protocol #2022-008.

Laboratory animals are maintained in accordance with the applicable portions of the
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Animal Welfare Act and the guidelines prescribed in the DHHS publication, Guide for the

Care and Use of Laboratory Animals.

S. pneumoniae mouse lung infection

Infection of mice is achieved by anesthetizing the mice with isoflurane in a BSL-2
procedure room, after which bacteria are delivered by intranasal injection. The
suspension contains between 5x10°-2x10” bacterial cells in 50 pL saline. The mice are
returned to their cage and given food and water ad libitum. The bacteria multiply in the
lung and cause pneumonia. At 24 hours post-infection in the case of virulent strains, the
mice begin to show initial signs of illness (typically piloerection/ruffled fur). All mice are
euthanized at 20-24 hours post-infection (or until the humane endpoint in the case of
survival curve analysis) by CO, gas asphyxiation followed by vital organ removal. In short,
after euthanasia, cardiac puncture is performed. Afterwards, the chest is opened, and
the trachea is severed with scissors. 0.5 mL of PBS is injected through tubing into the
trachea opening, whereupon the liquid goes up through the nasopharynx and out of the
nostrils where the liquid is collected in a 1.5 mL Eppendorf tube. In addition, the lungs
are removed and mechanically homogenized in 1 mL of 1X PBS. The nasopharynx
effluent, lungs, and blood are serially diluted and plated on blood agar base no. 2 (Sigma-
Aldrich) plates supplemented with 5% defibrinated sheep’s blood at 37°C in a 5% CO;
atmosphere for CFU enumeration. Mice were housed with a 12h/12h:dark/light cycle.
The room temperature set point was 71 degrees F (+2 degrees) and the humidity setpoint

was 40%.

Mouse bone marrow neutrophil isolations

At 16-24 hours post-infection with 1x10” CFU of an intranasal infection of TIGR4 WT,
mice are euthanized by CO, gas asphyxiation followed by harvesting bone marrow cells
from femurs and tibias. Preliminary experiments found the bone marrow neutrophil yield
(PMN/mL) was significantly higher from infected mice compared to the bone marrow
neutrophil yield from uninfected mice (50-100-fold higher). In short, an incision is made
in the mid-abdomen on the ventral side and skin is removed to expose the abdomen and
lower extremities. Muscles are removed from both legs using scissors, and acetabulum
is dislocated from the hip joint. Separated bones are placed in sterile petri dish containing
ice-cold RPMI 1640 1X supplemented with 10% FBS (Gibco) and 1%
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penicillin/streptomycin on ice, sterilized, and taken upstairs to the cell culture room for
downstream analysis: flushing of bone marrow cells and subsequent purification of
neutrophils from bone marrow cells using magnetic bead-based purification (StemCell

Research).

Mouse C3 complement depletion

To deplete C3 complement, mice are administered cobra venom factor (CVF; Millipore
Sigma) dissolved in buffered saline by intraperitoneal (I.P.) injection at 20-40 pg/animal at
24 hours prior to infectious challenge by S. pneumoniae. CVF is a stable anti-complement
protein and functionally resembles C3 purified from cobra venom. Mice are monitored
during C3 depletion to ensure animals do not develop overt signs of distress or
opportunistic infection. To confirm complement depletion induced by CVF treatment,
complement activity is determined by the C3 level in the plasma, serum, and BAL fluid
by ELISA (Aviva Systems).

S. pneumoniae mouse lung infection and antibody administration

Isoflurane-anesthetized 4-6-week-old female Swiss Webster mice were inoculated
intranasally with 10" CFU of wildtype S. pneumoniae strain in a volume of 100 L. Eight
hours following the challenge, mice were treated with the vehicle (saline), a control rabbit
IgG (InVivoMADb, 1 mg/kg, 100 uL), or anti-SP0463/SP1449 polyclonal rabbit antibody (1
mg/kg, 100 pL. At 16-hours following antibody treatment (24-hours post challenge) mice
were euthanized, and lungs and chest cavity blood were removed for quantification of
bacteria. Whole lungs were washed twice in PBS, and lung tissue is subsequently
homogenized in 1TmL PBS. Homogenized lung samples were plated onto blood agar

plates for CFU titers.

Bacterial strains and growth conditions

S. pneumoniae strains used in this study are listed in Supplemental Table 2.1. Strains
were grown on blood agar base no. 2 (Sigma-Aldrich) plates supplemented with 5%
defibrinated sheep’s blood at 37°C in a 5% CO, atmosphere. Liquid cultures were grown
statically in THY or semi-defined minimal media (SDMM) at pH 7.3, with 5 pL/mL oxyrase
(Oxyrase) and 0.75 yL/mL catalase (Fisher Scientific) at the same incubation conditions

as plates. For growth curve assays, strains were grown in THY until an optical density
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ODeoo of ~0.5, pelleted and resuspended in the same volume of phosphate saline buffer
(PBS). ODeno is adjusted to 0.03 in PBS and 20 pL of this suspension is diluted in 180 L
of different media conditions in wells of flat-bottom 96-well plates. ODsoo measurements
were taken on a BioSpa 8 plate reader (BioTek), and experiments were repeated at least

three times on independent days.

Tn-Seq libraries construction

Two independent (high-saturation) transposon libraries, each containing 10,000 to
20,000 insertion mutants, were constructed with transposon Magellan6 as previously
described 1825823537 ijth the following modifications: (1) transformation reactions were
scaled up to 4 mL volume. Transposon mutants were recovered on blood agar base no.
2 plates supplemented with 5% sheep’s blood with 200 ug/mL spectinomycin. Library
stock cultures were grown several independent times in THY medium supplemented with
oxyrase and catalase, gDNA is isolated using the Qiagen DNeasy kit (Qiagen), and Tn-
Seq sample preparation and lllumina sequencing were performed as previously

d escri bed 18,25,32,35-37

C3 deposition assay, fluorescence-activated cell sorting (FACS), and analysis

Two independent libraries are grown to mid-exponential phase (ODspo 0.6-0.8) in THY
supplemented with oxyrase and catalase (in a minimum of five technical replicates for
each), and 10® CFUs are resuspended in Hanks Buffer with Ca?** and Mg** (Gibco)
supplemented with 0.1% gelatin (Fisher Scientific) and subsequently opsonized with 10%
infant rabbit serum, free of anti-S. pneumoniae antibodies (MP Biomedicals), in a 750 pL
total reaction volume and incubated at 37°C for 30 minutes with rolling agitation. The
opsonization reactions are stopped on ice for 3 minutes, quenched with Hanks Buffer
without Ca** and Mg?* (Gibco) supplemented with 0.1% gelatin, and pelleted. Samples
are stained with 1:200 (FITC)-conjugated goat anti-rabbit C3 antibody (MP Biomedicals)
in Hanks Buffer without Ca?* and Mg?* (Gibco) supplemented with 0.1% gelatin, on ice in
the dark for 30 minutes. Stained reactions were quenched with Hanks Buffer without Ca**
and Mg?* (Gibco) supplemented with 0.1% gelatin, pelleted, and resuspended in 200
puL1X PBS. Stained S. pneumoniae cells are applied to a BD FACSAria Cell Sorter, and
bacteria are collected (minimum 50,000 events) for analysis or a 45-minute sort/sample.

FACs bins were determined based on FITC intensity and kept consistent across all
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experiments on different days. The following controls are included in each experiment:
(1) S. pneumoniae wildtype, -serum, -antibody, as a cells only gating control; (2) S.
pneumoniae wildtype, -serum, +antibody, as an antibody background control; S.
pneumoniae wildtype, +serum, +antibody, as a 15-20% expected FITC+ control; and (4)
S. pneumoniae ACapsule mutant, +serum, +antibody, as a 90-100% expected FITC+
control. Aliquots of the input population and sorted samples are serially diluted and plated
on blood agar base no. 2 (Sigma-Aldrich) plates supplemented with 5% defibrinated

sheep’s blood at 37°C in a 5% CO. atmosphere for CFU enumeration.

Genomic DNA isolation and Tn-Seq

To prepare samples for Tn-Seq, genomic DNA is isolated (Qiagen DNeasy) from bacteria
from each FACS selection bin (and input pool) to determine the change in frequency of
each Tn insertion in the population. Sample preparation, lllumina preparation, and fitness

calculations were done as previously described 825323587

Site-directed gene deletion construction

Site-directed gene knockouts were constructed by replacing target gene sequences with
a chloramphenicol or spectinomycin resistance cassette by homologous recombination
as previously described *. All PCR reactions were performed with Q5 polymerase (NEB).
Primers used and knockouts constructed are described in Supplemental Table 2.3.
Randomly selected colonies were recovered and their gDNA isolated using the Qiagen
DNeasy kit (Qiagen). Deletions were confirmed by gDNA isolation, PCR of the 3kb

construct, and Sanger sequencing (GeneWiz).

Capsule quantification assay, fluorescence-activated cell sorting (FACS), and
analysis

For capsule assays, each S. pneumoniae strain is grown to mid-exponential phase (ODgoo
0.6-0.8) in THY supplemented with oxyrase and catalase, and 250 pL of culture is pelleted
and washed in 1X PBS. Pellets are resuspended in 100 pL rabbit anti-serotype 4 serum
(1:2500, Cedarlane Labs) in PBS and incubated on ice for 30 minutes. Samples are
quenched with 500 pL PBS and centrifuged at 4000 RPM for 5 minutes. Pellets are
resuspended in 100 pL (FITC)-conjugated goat anti-rabbit secondary antibody in PBS

and kept on ice in the dark for 30 minutes. Staining reactions are quenched with 500 pL
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PBS, the mixtures are pelleted, resuspended in 200 pL 1X PBS, and analyzed as
previously described. All samples were collected (50,000 events) on a BD FACSAria Cell
Sorter or Sony SH800 Flow Cytometer, analyzed, and plotted using FlowJo 10.8.1.

Opsonophagocytic killing assay

Each opsonophagocytic killing assay was conducted on the same day as bone marrow
neutrophil (polymorphonuclear leukocyte, PMN) isolation and purification from mice as
described above. Briefly, 750 pL reaction volumes are set up with: 37.5 pL of 1x10° S.
pneumoniae, 75 pL infant rabbit serum (MP Biomedicals, 10%), 150 uL of PMNs (7x10°
PMN/mL in Hanks Buffer with Ca** and Mg?* (Gibco) supplemented with 0.1% gelatin
(Fisher Scientific)), 487.5 L of Hanks Buffer with Ca** and Mg?** (Gibco) supplemented
with 0.1% gelatin (Fisher Scientific). Assays are performed in at least duplicate, and each
assay includes a ‘no PMN’ control. Reactions are incubated at 37°C for 40 minutes with
rolling agitation. The OPK reactions are stopped on ice for 3 minutes, and serially diluted
and plated on blood agar base no. 2 (Sigma-Aldrich) plates supplemented with 5%
defibrinated sheep’s blood at 37°C in a 5% CO, atmosphere for CFU enumeration.
Percent survival is determined by: (CFU/mL of +PMN reaction) / (CFU/mL of -PMN

control reaction), and experiments were repeated at least twice on independent days.

Antibody generation and purification

A single rabbit was vaccinated by a commercial vendor (Rockland) with either
recombinant SP0463 or SP1449 via the following schedule: rabbit was immunized via
intradermal route with 0.1 mg SP0463/SP1449 with Complete Freund’s Adjuvant (CFA)
followed by an intradermal 0.1 mg booster injection with Incomplete Freund’s Adjuvant
(IFA) as an adjuvant at day 7, followed by two subcutaneous 0.1 mg booster injections at
days 14 and 28 with IFA. Terminal bleed was collected on day 52 following the challenge.
SP0463/SP1449 IgG was purified from immunized rabbit serum using protein A magnetic

beads (Pierce) according to the manufacturer’s specifications.

C3-FACS-Tn-Seq gene enrichment determination
Sequencing analyses are performed with analysis platform Aerobio v2.3 *¢. Each sample
from each bin was sequenced separately, then all the samples from each bin within each

library were combined. This gave us the number and location of unique inserts per bin.
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The number of insertions per gene were calculated and only insertions with 7 or more
reads across samples were included in the analyses.

Calculated mutant frequencies are used to calculate the average log2 fold enrichment of
a mutant in bin three samples compared to bin zero samples. In short, the enrichment of

a single mutant (E) is calculated as follows:

(Ni(t2))
(Ni(t)

in which Ni(t;) is the mutant frequency in bin zero (C3 negative) and Njt;) is the mutant

log:E; =

frequency in bin three (C3+++). The median of the fold change distribution for every
nonessential gene is referred to as Ex. Tn mutants in a specified gene are then used to
calculate the significance of each gene’s contribution to C3 deposition. To determine
whether enrichment effects are significantly different between bin three and bin zero,
three conditions must be fulfilled: (1) E; is calculated from at least two independent (high
saturation) Tn libraries, each screened in at least triplicate on different days; (2) E; in every
gene is over 5.0; and (3) the difference between E; and E, must be significantly different
in a one sample t-test with Bonferroni correction for multiple testing, where the degrees

of freedom are transposon insertions for gene i across biological and technical replicates.

Data visualization and statistics
Figure panels were created with Adobe lllustrator, Apple Keynote, Biorender.com (Boston
College full license), and GraphPad Prism 9. Flow cytometric analyses were plotted using

FlowJo 10.8.1. Statistical analyses were performed using GraphPad Prism 9 and R 4.2.2.
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2.8 Supplemental Information

Supplemental Table 2.1 | S. pneumoniae strains and knockouts used in this study.

SpecF gene

STRAIN DESCRIPTION SOURCE
TIGR4 Wild-type serotype 4 encapsulated strain Laboratory strain
PG13 Wild-type serotype 6C encapsulated strain Laboratory strain
Serotype 4 acapsular strain, Cps locus replaced with Spec® Laboratory strain;
TIGR4ACapsule gene (AC2394) Andrew Camilli
TIGRAARKOS Serotyge 4 strain with the hk08 gene (SP0084) replaced with This work
a Spec" gene
TIGR4ACeIB Serotyge 4 strain with the celB gene (SP0250) replaced with This work
a Spec" gene
TIGRAACDS4E Sgrotype 4 itraln with the cps4E gene (SP0350) replaced This work
with a Spec” gene
TIGRAAITGB Serotyge 4 strain with the rrgB gene (SP0463) replaced with This work
a Spec" gene
TIGR4ASP0470 Serota/pe 4 strain with the SP0470 gene replaced with a This work
Spec™ gene
TIGRAAamy Serotyge 4 strain with the amy gene (SP1382) replaced with This work
a Spec" gene
TIGR4ACHPA Serotyge 4 strain with the copA gene (SP1449) replaced with This work
a Spec" gene
TIGR4ApEPQ Serotyge 4 strain with the pepQ gene (SP1591) replaced with This work
a Spec" gene
TIGR4AgaIK Serotyge 4 strain with the galK gene (SP1853) replaced with This work
a Spec" gene
TIGRAASP1957 Serota/pe 4 strain with the SP1957 gene replaced with a This work
Spec™ gene
TIGRAASP1958 Serota/pe 4 strain with the SP1958 gene replaced with a This work
Spec™ gene
TIGR4ASP1982 Serotype 4 strain with the SP1982 gene replaced with a This work
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Supplemental Table 2.2 | Significantly enriched gene features from Hii-TnSeq. Tn mutants
with log2 fold change (bin3/bin0) = 5.0. P values are indicated for features in bin 3 samples as
compared to the negative control (bin 0).

Gene E) ':i::g?;?:; /bin0) Standard deviation Tn insertions Adjusted P value
SP_0084 11.0899046 0.96398978 27 0.000001
SP_0470 10.8173557 0.85574103 7 0.000001
SP_1982 9.80749699 0.62909052 8 0.000001
SP_0876 9.54468417 0.965049 15 0.000001
SP_1957 9.4025899 1.04445877 20 0.000001
SP_1115 9.29206041 0.6274053 12 0.000001
SP_0350 8.48262872 0.60972839 56 0.000001
SP_1591 8.25264019 0.88258176 6 0.000001
SP_0164 8.06581935 0.47735574 5 0.000001
SP_2096 7.96524119 1.02397014 13 0.000001
SP_2231 7.09115107 0.93175357 30 0.000001
SP_1853 6.6979729 0.95357159 20 0.000001
SP_0463 6.37917706 0.73219332 67 0.000001
SP_1958 6.37026545 0.9124244 19 0.000001
SP_1602 6.25068983 1.0614597 6 0.000001
SP_1449 6.20093757 0.75622932 68 0.000001
SP_1000 6.17447739 1.00043249 18 0.000001
SP_0250 5.74827177 0.79129814 80 0.000001
SP_0115 5.69762394 0.76009226 12 0.000001
SP_1404 5.67518235 1.0103983 13 0.000001
SP_0256 5.55860681 0.81149921 7 0.000001
SP_1382 5.50029973 0.91562891 33 0.000001
SP_0486 5.3706598 0.58311496 7 0.000001
SP_2067 5.36374827 0.36995368 11 0.000001
SP_1160 5.34831925 0.55580596 14 0.000001
SP_2132 5.29587063 0.72204808 55 0.000001
SP_0617 5.22715606 0.67729021 3 0.000233
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Supplemental Table 2.3 | Primers used in this study. All mutants were constructed in the S.

pneumoniae strain TIGR4 by homologous recombination

resistance cassette.

39

with a spectinomycin (SPEC)

Mutant F1. SF.'EC +R1 SF.'EC +F2 R2 primer FO primer RO primer
primer primer primer
CGGTATCGAT
AGATGTCTGA | AAGCTTGATG ggg;/fgglp\ CGCTCACAAT | GTTCTGGCG | TAGCAGCCA
ASP_0084 | TACGATGATG | TTTGTCCTCT | SLici COMA | AMGAGAGAA | TGACTCCGAT | AGGTGTACT
TC caaTITOTCT | SRretiee | o GAA GTTA
CGGTATCGAT | GGTATCGCT
TCAAAGTTTA | AAGCTTGATT | CTTGAAGGA | AAAGAGAGT | TGACCAAAGT | TGATTGACTG
ASP 0250 | GCTGTTGCTT | AATCAAAGAT | GGTATTTGTG | GGCCATTAG | TAAAACTGTA | CGAACCTTAT
AC AGGGCCAAA | TGTTACTGTT | ATTC GG TA
TG A
GCCGACATT ﬁggﬁggﬁ; gggxgg% CATCTCCTGA | AGTTCTTCAT | CCTAACTCTC
ASP 0350 | AGAAATAGCA AATTGCAGCCT | CTTGAACTTT | TTTGTCTCTT
oA CTATTTCCAT | TGGACAATGA | A% o o
TTGAGC AAATAC
CGGTATCGAT | GGTATCGCT
GGTAGTCGC | AAGCTTGATG | CTTGAAGGG | GAGCTTGGA | GAATGGTAC | CCCCTGTATC
ASP 0463 | TTGGAGAATG | ATTTCTCCTT | TAAGAGAGAA | GCTCCCATAA | GATTACAGAT | TGGCACATC
GAC ATTCATATCT | AGGAGCCAT | ATA cca AAT
c TG
AAGACACTG | CGGTATCGAT | GGTATCGCT TATAAGTTCA | AAGATTGTCC
ASP 0470 | CTCAACTTTA | AAGCTTGATG | CTTGAAGGTA | GTCTAAAATG | 1ooroaGaa | TCGATAAGTT
- oo TTTGTATTTCT | TTTGTAGTGG | TCTTTATIGG | 00 o
CCATCAAT | GTAAATCGCC
GGTATCGCT
GGAAACATTT ﬁggﬂggﬁ; CTTGAAGGTA | GTCATGAAAA | GTAAAATAGC | GGCTACTGT
ASP_1382 | ACTTTTTTCC GCTCATAATA | ACCACACTG | AATCATCGAG | GACCAATGTT
ATGTTTCCTC
CA ATSTITOCTC | AccaaGCTA | CGA c CAG
GG
TCTCTTTGAT | CGGTATCGAT | GGTATCGCT | \rraGccacT CCTTTAAAAA
ASP 1449 | GGccGTGTe | AAGCTTGATA | CTTGAAGGA | orroarga | TCTACCAACG | o hGoaGTATT
= S AATTCCTCCG | GTGGACCAA | & aatGoaar | &
TCAGTTT GATTATTA
CGGTATCGAT | GGTATCGCT
CTCAAGAGG | ARGCTTGATA | CTTGAAGGA | TATCGAAGAG | ACTGACATG | GAGTTTTGGT
nsp 1591 | STOPAGACC | TGCTACCTTC | CTATATAGCG | AAGGGAAATT | GAGATTCCTG | TAGATCTTCT
TTTCTACCCC | GCTATGCTTT | AT A TC
T c
CGGTATCGAT | GGTATCGCT
GAGGATAGA | AAGCTTGATA | CTTGAAGGTC | TGCCAAAATC
ASP 1853 | CCTGTTTGGT | TGAATTCTCC | AAAAGGAGG | TGCACTGCA %’ég;&i? %%T_FG‘Q'T“CGTTCC
C TTTGACTGTC | CTCTATAGTG | GGA
ca A
CGGTATCGAT
TGGAAGAGA | AAGCTTGATA SEFTQ/IESSZA GCTGGAGAA | ) - | GGTCCAGTT
ASP_1957 | GAATTCAAAGC | TTAACCTCCG AATGAGATTA CTTGTGGGT
o eSS | aTceTTaTTT | 4 TATACCA g
¢ AAAA TTAATTGC
GGTATCGCT
ACGTGCCATT ﬁggﬁggﬁ; CTTGAAGGAA | TTTATCATCA | TCACATTATT | GAATGAGAG
ASP_1958 | TTTATCAAAC GAAAACTATC | AACCAGATG | GGATAATATG | AACCCGAGG
GC CTAACTTCCT | trpatreCcAT | GTG CAG GT
CTCCATTAT | [
TTATGGGGC | CGGTATCGAT | GGTATCGCT | naaoacTeT | ATGGATTTGT
ASP 1982 | AGACAGGTG | AAGCTTGATA | CTTGAAGGG | qaaaTATT | TGGAAGATA | AATTCATCAA
- A GGAACCTGC | ATGGAAAGTT | 11T J TATTGCCAGA
TACAAAAACA | TACTTATTGC
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Supplemental Figure 2.1 | Hii-TnSeq analysis and quality control.
a. Hii-TnSeq analysis workflow to identify enriched Tn mutants. b. Sorted Hii-TnSeq FITC+ events
per replicate, per bin (n=2 libraries, each consisting of 6 independent sorts; lines represent the
mean = SEM). c. Unique Tn mutants observed in each sorted bin (n=2 libraries, each consisting
of 6 independent sorts; lines represent the mean + SEM).
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Growth curve analysis for TIGR4 and derived mutants used in this study in rich media (THY).
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Supplemental Figure 2.3 | Representative C3 deposition flow data.

Flow cytometry output for single gene knockout mutant validations in the C3 deposition assay,
analyzed on a BD FACSAria Cell Sorter. %FITC+ is representative of the C3+ phenotype. Flow
cytometry data is representative of three independent experiments.
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Supplemental Figure 2.4 | Representative capsule quantification flow data.

Flow cytometry output for single gene knockout mutant validations in the capsule quantification
assay, analyzed on a Sony SH800 Flow Cytometer. %FITC+ is representative of the Capsule+
phenotype. Flow cytometry data is representative of three independent experiments.
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Supplemental Figure 2.5 | C3 serum titers in complement-depleted mice.

Mice depleted of C3 complement by cobra venom factor (CVF) administration by intraperitoneal
(I.P.) injection were confirmed to have depleted C3 concentration in serum by ELISA. a. Standard
curve for serum concentration calculation and b. measured C3 concentrations in the serum of
non-depleted (untreated) animals and C3-depleted (treated with CVF) animals. Data are displayed
as mean + SEM. *p<0.01, *p<0.001, **p<0.0001, two-tailed t-test.
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Supplemental Figure 2.6 | S. pneumoniae knockouts with a hyper C3 deposition phenotype
are entirely virulent in C3-depleted animals.
Additional infection studies were performed in C3-depleted mice with a higher inoculum dose of
1x10” CFU and bacterial burden was determined in the a. lungs and b. in the bloodstream.

82



Disease outcome:

|dentifying signatures of infection outcome
from the dual (host/bacterial)

transcriptome

Bharathi Sundaresh*, Karen (Zeyu) Zhu, and Tim van Opijnen
*First author contribution

Unpublished data, project ongoing at Broad Institute of MIT and Harvard

83



Author’s contributions: B.S. performed all experiments, data collection, data analysis,
data interpretation, and wrote the chapter. B.S. and T.v.O. devised the study. K.Z.
previously developed methods for dual RNA isolation and dual RNA-Seq library prep.

3.1 Summary

The ability to predict bacterial survival during an active infection has applications in
diagnostics, prognostics, and administering tailored antibacterial treatments. Our group
has previously shown the transcriptional response to an environmental stress generally
distinguishes strains with different survival outcomes in vitro; a strain with survival failure
triggers extensive transcriptomic disruption compared to a stain with survival success.
The next step is the extension of this model to survival outcomes of pathogenic bacterial
strains in vivo during an active infection. To date, dual RNA-Seq has been applied to
study the transcriptomes of both the host and the pathogen in cell culture models. While
these studies reveal novel responses related to infection, the models lack complexities
such as the mammalian innate immune response and nutrient availability of an infection
niche. To combat this limitation, we developed a sensitive dual RNA-Seq technique for
simultaneously mapping the transcriptomic response for the pathogen and the host in a
murine Streptococcus pneumoniae infection model during four distinct, confirmed
infection scenarios: (1) a lethal, bacteremia infection; (2) an intermediate, pneumonia
infection; (3) a nonlethal, cleared infection; and (4) an uninfected host. By mapping both
the host (M. musculus) and pathogen (S. pneumoniae), we discovered transcriptomic
signatures specific to each infection scenario. This approach brings us a step closer
personalized diagnostics and prognostics of bacterial infections, with the ultimate goal

of deploying highly targeted and patient-specific host-informed therapeutic strategies.
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3.2 Introduction

During infection, pathogens trigger the expression of unique genes to ensure their
survival and allow replication within the host environment. In turn, the host activates
complex immune mechanisms to recognize and kill pathogens. Hence, the simultaneous
detection of host and pathogen transcripts during the infection process can provide
deeper insights into the host-pathogen interaction than those detected from the host or
pathogen alone. Omics technologies provide powerful tools to study bacterial pathogens
in their entirety in different experimental set-ups. Specifically, high-throughput
transcriptomics can divulge changes in gene expression profiles of both the pathogen
and the host cells during infection. In the past five years, dual RNA-Seq (dRNA-Seq) has
been applied to study transcriptomes of the host and the pathogen simultaneously in ex
vivo cell culture models 2, and few studies exist using dRNA-Seq to elucidate host-
inherent variability of S. pneumoniae infection in vivo *®. While these studies have
revealed novel responses related to infection, the majority of models used in
transcriptomic studies lack components such as the mammalian innate immune
response and nutrient availability of an infection micro-environment. Here, we implement
the novel method dRNA-Seq in a lung infection murine model mimicking S. pneumoniae
pneumonia and bacteremia to capture a temporal transcriptomic snapshot in an
environment that gives a closer understanding to the pathophysiology of human

pneumococcal infection and a better understanding of the host-pathogen duel.

Streptococcus pneumoniae remains a threat to patients with complement deficiencies
(e.g., multiple myeloma, Sickle Cell Disease ”) and impaired neutrophil function (e.g.,
Chediak-Higashi syndrome 8), and we lack a clear understanding of the interplay between
impaired innate immune function and the pathogen on a transcriptome-wide level. On a
simplified level, we hypothesize the dual transcriptomic signature of either the pathogen
(S. pneumoniae) or the murine host can be utilized as an early predictor for infection
outcome: either lethal (Figure 3.1a) or nonlethal (Figure 3.1b) to the host. However, the
factors that regulate the passage of bacteria between different anatomical compartments
(i.e., lungs to bloodstream) are unclear. What is known about the S. pneumoniae-host
interaction are the steps of bacterial invasion facilitating acute pulmonary infection to

system disease: evasion of clearance, adherence, endocytosis, paracellular invasion, and
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invasion of bloodstream °. S. pneumoniae factors integral for the pathogen have been
identified at each step, including but not limited to the negatively charged capsular
polysaccharide and zinc metalloprotease (ZmpA; IgA1 protease) allowing evasion of host
clearance, and pneumococcal surface proteins (ChoP, CbpA) that enable the
pneumococcus to traverse the lung epithelium and enter the bloodstream °. What is
unknown are how dynamic changes across the bacterial and host transcriptome assist
the pathogen to cause a lethal outcome (Figure 3.1a) or allow the host to overcome

bacterial disease (Figure 3.1b).

lethal outcome nonlethal outcome

survival ~ S~ survival

- VN

bacterial load bacterial load

time time

Figure 3.1 | Defining lethal and nonlethal infection outcomes.

a. A lethal outcome of bacterial infection results in a drop in host survival (blue), and an increase
in bacterial load (red), while b. a nonlethal outcome results in 100% host survival (blue), with the
host immune response clearing the bacterial load (red). Star indicates the hypothetical prediction
point where a dual RNA-Seq sample’s transcriptomic signature allows lethal infection outcome
prediction, and therapeutic intervention can be administered to the patient.

In this chapter, we have used an experimental model of infection with S. pneumoniae to
simultaneously examine the host and bacterial factors involved in t