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Abstract

Multidrug resistant (MDR) Gram negative bacterial infections are increasing in frequency and are

associated with significant financial costs, morbidity and mortality. Current antibiotic therapies are

associated with unacceptably poor clinical outcomes and toxicity. Unfortunately, the development

of novel antimicrobials is stagnant leaving a significant clinical need for alternative treatments of

MDR Gram negative rod infections. Recent preclinical studies have identified Th17 cells as

critical mediators of broadly protective adaptive immunity, including protection against MDR

infections. Studies of Th17 eliciting antigens, adjuvants and routes of immunization have

identified potential vaccine strategies that may confer long-lived adaptive immunity against MDR

Gram negative bacterial infections.

Introduction

Gram negative bacteria comprise a diverse group of organisms with various impacts on

human health. Clinically, infections caused by Gram negative bacilli or rods (GNRs)

manifest as meningitis, pneumonia, urinary tract infections and central venous catheter

(CVC) infections amongst others, and currently effective treatment relies on the use of

effective antibiotics. Increasingly, GNRs have become resistant to many currently available

antibiotics due to inappropriate use of antibiotics [1,2], excessive use of antibiotics in

agriculture [3], through person to person spread [4]and transmission of genetic elements that

encode resistance between GNR species in these settings and others [4–7]. Some GNR

species are resistant to several different classes of antibiotic and though the definition of

multidrug resistance (MDR) varies by organism and author most MDR GNRs are resistant

to at least three different antibiotic classes (e.g. penicillins, cephalosporins, quinolones,

aminoglycosides, carbapenems). The molecular mechanisms of resistance include the

acquisition of genes that encode enzymes such as extended-spectrum beta-lactamase (ESBL)

and Klebsiella pneumoniae carbapenemase (KPC), which enzymatically inactivate these
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classes of antibiotics; decreased uptake of antibiotics including porin mutations; efflux

pumps that actively transport antibiotic out of the organism, and altered antibiotic targets,

such as penicillin binding proteins (PBPs). Often organisms employ more than one

resistance mechanism. Infections caused by MDR GNR are increasingly frequent, and the

morbidity, mortality and financial costs associated with these infections are unacceptably

high [8,9]. The CDC estimates that in the U.S. MDR GNR infection results in approximately

40,000 cases leading to more than 2,800 deaths (CDC 2013 Threat report). Meanwhile, the

development of novel antibacterial agents and classes remains stagnant and a cause of

significant concern [•10]. This combination of increasing numbers of clinically significant

MDR GNR infections coupled with limited new therapeutic options has led practitioners,

healthcare organizations and government healthcare agencies to devote considerable

resources to the evaluation, prevention and treatment of these infections [11]. Indeed, in his

2014 State of the Union address, President Obama espoused the importance of supporting

research focusing on “vaccines that stay ahead of drug-resistant bacteria”.

Carbapenemase-resistant Enterobacteriaciae (CRE), such as Enterobacter species and

Klebsiella pneumoniae have been described causing nosocomial outbreaks in hospitals,

intensive care units and long-term care facilities, and preventive measures including

extensive infection control procedures, outbreak investigation, and antimicrobial

stewardship efforts, have had a real but limited impact on the burden of these infections [4].

Other organisms such as Pseudomonas aeruginosa, Stenotrophamonas maltophilia, and

Burkholderia species are intrinsically resistant to many classes of antibiotic and can develop

resistance while patients are receiving antibiotic therapy. In addition to a major cause of

hospital acquired infections, MDR Acinetobacter baumanii has recently been increasingly

recognized for causing infections involving traumatic wounds in military personnel [12].

Current Approaches to Multidrug Resistant Gram Negative Infection

Treatment

Current treatment for MDR GNR infection centers on antimicrobial therapy. Many novel

antibiotic treatment strategies include the use of agents, such as polymyxin derivatives (e.g.

colistin), aminoglycosides, quinolones and tigecycline. Clinical efficacy of treatment with

these agents has been limited and many studies have not been well-controlled. Further, the

associated toxicities (nephrotoxicity, cardiotoxicity) of these agents limit their use given the

co-morbidities that MDR GNR infected patients often face. Combination antimicrobial

therapy (including the use of carbapenems) has shown significant benefit over

monotherapy[13], though this does not obviate the associated drug toxicities. At this time,

few clinical trials are underway to evaluate the best management of these devastating

infections (clinicaltrials.gov.). Although enhancing infection control practices, improving

the reliability of the screening methods and optimizing the usage of antibiotics currently

available can address some of the urgent clinical challenges, the best therapeutic approach to

MDR GNR organisms has yet to be defined. As the burden of disease caused by MDR GNR

infections increases, collaborative efforts aimed at improved infection prevention, research

and development of antibiotic alternatives are desperately needed[14].
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Immune Responses to MDR GNR infection

Although Enterobacteriaciae (Klebsiella, E. coli and Serratia) can cause infection in young,

healthy individuals such as urinary tract infections, liver and lung abscesses, MDR GNRs

disproportionately infect chronically ill, healthcare exposed and immunocompromised

individuals. Understanding host immune responses against MDR GNR infection is critical to

identifying possible immunotherapeutics as an antibiotic alternative. Preclinical studies

examining immunity to MDR GNR primarily has involved murine systems to date. Infection

by Gram negative organisms are recognized in an innate immune response through the

involvement of pattern recognition receptors (LPS, lipoproteins, flagella) that activate Toll-

like receptors (TLRs), Nod-like receptors (NLRs), C-type lectin receptors and complement

receptors resulting in recruitment of innate immune effector cells including neutrophils,

macrophages. In the case of K. pneumoniae, TLR4 is an essential component of innate

recognition and controls nearly 70% of the gene expression changes in response to the

organisms [15]. In pre-clinical models of infection, adaptive immune responses elicited by

GNR infection result in B and T cell memory responses that confer long-term serotype

dependent and independent immunity, as summarized in Figure 1[16]. However, a clinical

trial of pathogen specific hyperimmune IVIG against Klebsiella and Pseudomonas

administered to critically-ill adults failed to significantly improve overall outcomes and the

trial terminated due to increased side effects, most commonly fever and hypertension, in the

intervention group[17]. Recent preclinical studies examining immunity to GNR infection

have identified a critical role for T-cell immunity in host resistance against K. pneumoniae.

Moreover, there are emerging potential immunogenic antigens that may serve as vaccine

candidates.

K. pneumoniae infection has been studied extensively in pre-clinical mouse models and

many T-cell derived cytokines such as IFN-γ and IL-17 have been shown to be essential in

the host defense against pulmonary infection[18]. Since both cytokines can be made by

CD4+ T helper cells in an antigen specific manor, a T-cell based vaccine seems to be a

promising alternative in addressing the challenges raised by K. pneumoniae infections. Th1

immunity mediates host defense against K. pneumoniae as bacterial clearance can be

improved by giving exogenous IL-12 or immunogenic agents such as CpG ODN[19,20].

Both interventions augment IFN-γ production and the enhanced protection is compromised

by blockade of IFN-γ, suggesting that Th1 responses elicited by immunization can be

beneficial in improving vaccine efficacy against K. pneumoniae. Furthermore,

overexpression of IL-17 by adenovirus can promote the clearance of the bacteria suggesting

that enhancement of IL-17 can be beneficial in the development of a vaccine against K.

pneumoniae[21]. Indeed, immunization with heat killed K. pneumoniae induces a robust

Th17 response. Although the immunization also induces substantial titers of antibodies

against the immunization serotype of K. pneumoniae, this antibody response was largely

directed against the vaccine serotype (serotype 2) with limited cross-reactivity to other

clinically important serotypes including serotype 1, and 16, as well as the

metallobetalactamase-producing K. pneumoniae strain NDM1. In contrast, the vaccine

elicited Th17 response recognized crude antigen preparations from all of these serotypes as

well as other Enterobacterciae family members such as E. coli. Th17 cells were thus able to
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mediate B-cell independent heterologous immunity when mice were immunized with

serotype 2 K. pneumoniae but challenged with a serotype 1 isolate[••22]. B-cell independent

vaccine-induced immunity against K. pneumonniae requires effective recruitment of

neutrophils and signaling via IL-17 receptor C (IL-17RC) signaling as depletion of

neutrophils and blockade of IL-17RC signal abolished the vaccine induced protection.

Pseudomonas aeruginosa pneumonia models have similarly identified a significant role for

LPS serotype independent T-cell mediated immunity, and this heterologous immunity is

IL-17 dependent[23]. Indeed, Th17 stimulating antigens identified by protein library

screening effectively confer serotype-independent immunity, potentiated by a Th17

promoting adjuvant[••24]. Though beyond the scope of this article, Streptococcus

pneumoniae pneumonia models have similarly identified that Th17 cells mediate serotype-

independent immunity that is broadly protective[25]. Indeed, antigen preparation used in

these models can elicit IL-17 production from peripheral blood mononuclear cells in

pediatric and adult populations in from developed and developing countries, suggesting that

Th17 cells mediate natural S. pneumoniae immune protection[26].

Other models of GNR infection suggest that Th17 responses play a critical role in immune

protection. Innate intestinal Th17 cells mediate protection against Citrobacter and

Salmonella infection[27]. Intestinal infection with Shigella flexneri elicits a robust T cell

response to initial infection associated with IFNγ, IL-17 and IL-22 production. Upon re-

challenge Th17 cells mediate bacterial clearance and improved survival[28]. Control of

Acinetobacter baumanii infection is neutrophil dependent, though the role of IL-17 and

Th17 cells has not been adequately investigated [29].

Taken together, these data demonstrate the critical role of Th17 mediated immunity and

feasibility to develop Th17 based vaccine against GNRs. The advantage of these Th17 based

vaccines is that the protection is broad, includes MDR strains and is not restricted to specific

serotypes. However, the requirements of propter neutrophil function and IL-17R signaling

will possibly limit these vaccine strategies to patients without neutropenia or defects in

IL-17/IL-17R function.

MDR GNR Vaccine Design

As Th17 cells confer serotype-independent immunity against heterologous infection, these

cells likely recognize conserved antigens common among enterobacteriaciae family

members. One group of antigens recognized by Th17 cells are outer membrane proteins of

K. pneumoniae, a group of proteins that are highly conserved among Klebsiella species, and

the recognition of these antigens was highly dependent on MHC class II, suggesting that

these proteins can be well defined and serve as antigen candidates for clinical translation.

Vaccination with purified outer membrane proteins of K. pneumoniae also elicits a strong

Th17 response and provides heterologous protection against a broad spectrum of different

strains including the newly described metallo-beta-lactamase 1 producing strain [22].

Another group of antigens include the machinery of the type 3 secretion system, such as the

Pseudomonas aeruginosa PopB[24].
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In this model, Th17 elicited responses were potentiated by the adjuvant curdlan. Adjuvants

compounds have commonly been employed to augment the immune responses against

immunizing antigens and improve the efficacy of the vaccines. Aluminum-based adjuvants

are most commonly used in most FDA approved vaccines (CDC). Though the precise

mechanism by which alum functions as an adjuvant remains unclear, it has been shown

prime Th2 responses and promote antibody production as well as inflammasome[30,31]. To

achieve better protection using Th17-based vaccines, many mucosal adjuvants have been

tested for the ability of inducing antigen specific Th17 cells. Cholera toxin is a robust Th17

inducing mucosal adjuvant by augmenting the secretion of IL-1 by dendritic cells in a cAMP

dependent mechanism [32]. Heat labile enterotoxin from E. coli can also induce robust

mucosal Th17 responses through activation of inflammasome and IL-1 and IL-23 produciton

from dendritic cells[33]. Toll-like receptor ligands such as monophospho lipid A (MPL)-

trehalose dimycolate (TDM) can also induce a mixed Th1 and Th17 responses [34] and

serve as a promising adjuvants for vaccine against MDR GNR. While robust pathogen

specific T helper responses are highly desired and can be achieved by using highly

immunogenic antigen with effective adjuvants the safety of such vaccines must be carefully

examined in preclinical models. Indeed, Th17 inducing adjuvants, in the absence of antigen,

were associated with increased lung pathology, morbidity and mortality in an influenza

murine model[•35]. However, less toxic modified adjuvants, are being actively being studied

to bridge this gap in vaccine design[36,37]. Ideal antigen candidates should be a conserved

antigen among different serotypes to elicit a broad response against multiple species while

an ideal adjuvant should maximize the antigen specific adaptive immune response with

limited or no toxicity to the host.

Route of administration must be an additional consideration in MDR GNR vaccine design.

As most pathogens access to the body via mucous membranes, it is not surprising that

mucosal immunization is highly effective at inducing long-term B and T cell memory[38–

40]. Th17 cells are long-lived effector memory cells in mucosal tissues[41]. Pre-clinical

models demonstrating Th17 mediated protection and the development of mucosa-associated

lymphoid tissue (MALT) have employed intranasal and oral antigen

immunization[22,24,42]. The immune responses induced by nasal delivery are usually

highly robust and confer effective protection. Moreover, the injection delivery method can

be costly and requires trained personnel for delivery. In contrast, the ease of administration

of mucosal vaccines may confer a higher rate of compliance. It must be noted however that

mucosal vaccination necessarily must maintain immunogenicity as vaccine antigens and

adjuvants are exposed to mucosal enzymes in the in the gastrointestinal and respiratory tract

before generating the immune responses. The protection efficacy of oral delivery will be a

major challenge for the development Th17 based oral vaccines.

Conclusions and Perspectives

Multidrug resistant Gram negative bacilli are responsible for a variety of nosocomial and

community acquired infections. The incidence of MDR infections has increased worldwide,

and the morbidity, mortality and financial costs are significant. Considerable resources

focused on evaluation and prevention have had limited success in controlling the spread and

impact of MDR GNR infection. Current antibiotic therapies are associated with poor
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outcomes, considerable toxicity and are largely unproven. Unfortunately, few new antibiotic

agents are under development, and novel prevention and treatment strategies are imperative.

The few clinical trials addressing MDR infection focus entirely on antimicrobials, but no

MDR GNR vaccine trials are currently underway.

Immune mechanisms underlying defense against GNR infection suggest that innate and

adaptive responses including antibody, B and T cell responses are critical to long lasting

immunity. Strategies to identify Th17 stimulating immunogenic proteins have identified

potential vaccine candidates such as highly conserved outer membrane proteins and

virulence factors. Such pre-clinical vaccine models show that Th17 mediated immunity can

confer broad protection from MDR GNR infection. Ongoing investigation into specific

factors mediating immunity against Gram negative bacteria can identify future vaccine

targets, adjuvants and techniques. Clinical translation of these findings has the potential to

provide a novel strategy for protection against multidrug resistant Gram negative infection.
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Highlights

• Multidrug resistant Gram negative infections are increasingly frequent largely

due to inappropriate antibiotic usage.

• Current therapies for MDR GNR infection are associated with poor outcomes,

and few novel antibiotics are on the horizon.

• Adaptive immune responses protect against GNR infection. Antibody confers

autologous immunity; Th17 cells confer heterologous immunity.

• Th17 vaccine antigens include highly conserved pathogenic molecules.
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Figure 1. Serotype dependent and independent vaccine immunity
A) Polysaccharide based vaccines are thought to induce clonally expanded memory B-cells

and antibody secreting cells resulting in humoral protection against the vaccine serotypes.

Upon challenge by the pathogen, antibodies can be rapidly produced neutralizing the

infection, though conferring no protective immunity against heterologous strains. B)

Alternatively, following vaccination with certain protein antigens from bacteria, class II

MHC restricted Th17 cells can be elicited. Upon challenge by autologous or heterologous

serotypes of the bacterial pathogens, Th17 cells secrete IL-17 activating IL-17RA/RC

receptors eliciting cytokines and chemoattractants. This results in the rapid recruitment of

neutrophils to site of infection which aid in pathogen clearance.
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