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Pneumonia is one of the leading causes of morbidity and mortality worldwide and Gram-negative bacteria are a major cause of severe pneumonia. Despite advances in diagnosis and treatment, the rise of multidrug-resistant organisms and hypervirulent strains demonstrates that there will continue to be challenges with traditional treatment strategies using antibiotics. Hence, an alternative approach is to focus on the disease tolerance components that mediate immune resistance and enhance tissue resilience. Adaptive immunity plays a pivotal role in modulating these processes, thus affecting the incidence and severity of pneumonia. In this review, we focus on the adaptive T cell responses to pneumonia induced by Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii. We highlight key factors in these responses that have potential for therapeutic targeting, as well as the gaps in current knowledge to be focused on in future work.
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Introduction

Gram-negative bacteria are a leading cause of severe hospital-acquired pneumonia/ventilator-associated pneumonia (HAP/VAP), which can progress to acute respiratory distress syndrome (ARDS), multi-organ failure, and death (Jean et al., 2020). Despite advances in diagnosis and management of severe pneumonia, it remains associated with high rates of mortality, prolonged hospitalizations and substantial healthcare expenditures (Torres et al., 2021). A cohort of nosocomial pathogens with significant multi-drug resistant (MDR) and extensively drug resistant (XDR) characteristics are grouped together with the acronym, ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp), due to their ability to ‘escape’ traditional antimicrobial therapy (Mulani et al., 2019). Four of these six hypervirulent pathogens are Gram-negative bacteria, underscoring the critical need to address gaps in the treatment of lower respiratory tract infection from these pathogens. Successful resolution of any severe infectious disease requires a multipronged approach to management, but work in severe pneumonia has primarily focused on developing therapeutics that target specific pathogens. Furthermore, even after receiving optimal antimicrobial therapy, mortality remains exceedingly high for patients with Gram-negative pneumonia (Feng et al., 2019). Thus, leveraging non-traditional strategies focusing on host-derived immune mechanisms that promote restoration of tissue architecture and physiological function are critical for improved patient outcomes and survival (Theuretzbacher and Piddock, 2019). Optimal therapies for severe pneumonia must address both pathogen and host, and a comprehensive characterization of the innate and adaptive immune response during severe pneumonia is a critical step toward achieving that goal.

T cells are a central component of protective immunity to severe pneumonia (Chen and Kolls, 2013). Based on cell surface expression markers and specialized function, T cells are divided into the classic dichotomy of CD4+ and CD8+ T cells. CD4+ T cells, also known as T Helper (TH) cells, support antibody-generating B cells and coordinate host defenses against pathogens through myriad functions. Based on their ability to express signature cytokines and lineage-specifying transcription factors, effector CD4+ T cells are divided into five classic subsets: TH1, TH2, TH17, T follicular helper (TFH) and regulatory T (Treg) cells (Annunziato and Romagnani, 2009). Optimal defense against acute viral and bacterial pneumonia requires IFN-γ-producing TH1 cells, whereas TH2 immunity confers protection from toxins, parasites, and in some cases, chronic bacterial infections (Wu et al., 2020). Context-dependent cues can lead to functional reprogramming and phenotypic plasticity of these subsets, which can often limit the ability to discern beneficial from pathogenic cells in a given disease condition (DuPage and Bluestone, 2016). Nonetheless, a detailed understanding of the molecular mechanisms that govern effector CD4+ T lineage heterogeneity and tissue-specific functional adaptability during an infectious process is crucial for developing new host-derived pharmacotherapies for treating pneumonia. Cytotoxic CD8+ T cells (CTLs) mediate direct killing of infected target cells. These T cells can be further subdivided into naive, effector, and memory subsets based on their activation status (Seder and Ahmed, 2003). Altogether, distinct T cell subsets orchestrate innate and adaptive immune responses, pathogen clearance, tissue repair, and establishment of long-lasting memory to respiratory bacterial infections (Chen and Kolls, 2013). Here, we identify similarities and differences in the adaptive T cell immune response to three common Gram-negative bacteria: Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii. We also highlight gaps in the current understanding of the host immune defenses to Gram-negative pneumonia, which could be exploited to develop the next generation of immunomodulatory small molecule- and T cell-based therapeutics to control lung inflammation.


Klebsiella pneumoniae

Klebsiella pneumoniae (Kp) is a Gram-negative, encapsulated bacillus from the Enterobacteriaceae family. Kp is found primarily in the human gastrointestinal tract of a significant percent of the population, and in even higher proportions in hospitalized patients (Ashurst and Dawson, 2022). Klebsiella pneumonia carries mortality ranging from 25 -50% (Venkataraman et al., 2018) and Klebsiella species cause a significant number of HAP and VAP (Jones, 2010), more commonly than CAP. It also frequently causes bacteremia, which in turn leads to increased mortality, especially in those who are older, require mechanical ventilation, or have alcohol use disorder (Chetcuti Zammit et al., 2014).

Kp isolates have multiple virulence factors including a polysaccharide capsule that can evade phagocytosis, complement and antimicrobial molecules (Paczosa and Mecsas, 2016). Hypervirulent Kp isolates can acquire antimicrobial resistance through horizontal transfer of plasmids, leading to the formation of MDR Klebsiella strains— including ones with potent antibiotic resistance to extended-spectrum beta-lactamases (e.g., CTX-M and AmpC-type ESBLs) and carbapenemases (e.g., KPC, NDM, and VIM) (Pitout et al., 2015). Therapeutic options remain limited for these isolates and are often toxic; meanwhile, MDR prevalence continues to rise in hospitals worldwide, representing a major public health threat worldwide (Bassetti et al., 2018).

Numerous components of the innate immune system play an important role in the fight against Kp. Experimental models showed that alveolar macrophages, monocytes, and neutrophils contribute to the resolution of Kp infection (Xiong et al., 2015; Roger et al., 2013). Neutrophils appear to be the major initial defense against Kp, as demonstrated in murine models with dysregulated neutrophil function and chemotaxis (Hirche et al., 2005; Cai et al., 2010). The IL-17 family of cytokines is a critical mediator in the recruitment of neutrophils to the site of pulmonary Kp infection, and innate-like lymphocytes (i.e., γδ T cells) constitute one of the primary early sources of IL-17 (Price et al., 2012). γδ T cells are a low abundance and specialized subset of T cells, that accumulate in multiple peripheral tissues— including the lung— where they are key contributors to tissue homeostasis and immune surveillance during infection (Ribot et al., 2021). Indeed, mice genetically deficient in γδ T cells challenged with Kp exhibited decreased production of TNF-α and IFN-γ cytokines, higher peripheral bacterial dissemination and worsened survival when compared to wild-type or αβ T cell-deficient mice (Moore et al., 2000).

The effector CD4+ T cell lineage is a critical component of adaptive immunity against Gram-negative bacteria, as it is required for almost all adaptive immune defense mechanisms against these microbes. IL-17-producing CD4+ effector T (TH17) cells were initially described for their pathogenic role as major drivers of autoimmune inflammation (Harrington et al., 2005). Since their discovery, multiple studies have identified a protective role for TH17-mediated host immune responses against extracellular bacteria in the lung. Following intranasal delivery of Kp, Il-17ra-deficient mice exhibited decreased production of granulocyte colony-stimulating factor (G-CSF) and CXC-chemokine ligand 2 (CXCL2, also known as MIP-2) resulting in impaired granulopoiesis and neutrophil chemotaxis (Ye et al., 2001). Delayed recruitment of neutrophils to the lung led to a significant increase of Kp burden 24-hours post-infection and worsened mortality when compared to control animals. Following on these observations, Happel et al. went on to demonstrate that the IL-12 family member and pro-inflammatory cytokine, IL-23, is the dominant, upstream regulator of lung-specific IL-17 production following Kp challenge (Happel et al., 2005). Il-23p19 subunit knockout (KO) mice showed decreased expression of multiple cytokines and chemokines known to be upregulated by IL-17, including G-CSF. Altered expression of these inflammatory mediators was exclusively restored through intratracheal inoculation of murine recombinant IL-17 to Il-23p19 KO mice (Happel et al., 2005). Moreover, the TH17-derived and IL-23-regulated effector molecule, IL-22, was subsequently found to exert a protective function against Kp through modulation of alveolar epithelial repair (Aujla et al., 2008). Collectively, these studies support a key role for the TH17 cell lineage and effector IL-23/IL-17/IL-22 signaling pathways orchestrating host defense against Gram-negative bacterial infection in the lung (Figure 1). Future studies should address the contribution that IL-17-specific cell origin, phase of bacterial infection (early or late), and distinctive TH17 phenotypic and effector programs have on lung host defense against Kp.




Figure 1 | Protective versus pathogenic T cell immunity to Gram-negative bacteria. Left panel: Upon infection with Klebsiella pneumoniae (Kp), antigen presenting cells (APC) recognize and present pathogenic peptides to T cell subsets in local lymph nodes. APC release polarizing cytokines (e.g., IL-23) that activate TH17 and γδ T cells. These T cell subsets produce IL-17 and stimulate airway epithelial cells (AEC) to express chemokines (e.g., CXCL1) that mediate neutrophil recruitment to the infection site. Activated neutrophils phagocytose and kill bacteria, therefore enhancing Kp clearance and resolution of local inflammation. IL-22 serves a protective role by promoting AEC repair. Right panel: Pseudomonas aeruginosa (PA)-derived toxin activates the amphiregulin (Areg) – Epidermal Growth Factor (EGF) receptor pathway to induce a type 2 inflammatory response and increase mucus production, enhancing pathogen survival. Deviation of the immune response toward pathogenic expansion of TH2 immunity, creates a favorable niche for PA colonization and chronic infection. Chronic PA exposure can result in increased TH17 cell activation, persistent neutrophil recruitment, and lung tissue damage (not shown).



Establishment of immunological T cell memory is paramount for controlling pneumonia-susceptibility throughout the lifespan (Smith et al., 2018). Tissue-resident memory (TRM) cells are a unique T cell subpopulation that accumulates in peripheral tissues to enhance regional immunity and regulate recall responses to local pathogens. In a seminal study, Amezcua Vesely and colleagues used inducible, fate-mapping murine models and parabiosis experiments to demonstrate that lung CD4+ TRM cells are partially derived from TH17 cells (Amezcua Vesely et al., 2019). Immunization with heat-killed Kp, resulted in the generation of TH17 cells and a long-lived “ex TH17” population that persisted in the lung as TRM cells. Immunized and control mice were then infected with live MDR-Kp, with the former group exhibiting a protective phenotype when compared to the non-immunized (control) group. A subsequent elegant study by Iwanaga et al. found that immunization with a Kp vaccine formulated with the conserved outer membrane protein X (OmpX) and the TH17 adjuvant LTA-1, induced a lung-specific population of TH17 - TRM cells that conferred heterotypic protection against multiple Kp serotypes in an adoptive cell transfer model (Iwanaga et al., 2021). The majority of available pneumonia vaccines target polysaccharide antigens that mostly unleash serotype-specific humoral immunity (Avci et al., 2011). Thus, these observations carry important implications in the development of novel cell-based immunotherapies and serotype-independent mucosal vaccines, that could elicit lung protective TRM cells against MDR strains and phylogenetically-related Gram-negative bacteria of the Enterobacteriaceae family.



Pseudomonas aeruginosa

Pseudomonas aeruginosa (PA) is a ubiquitous Gram-negative rod that has become one of the most common causes of HAP and VAP (Rello et al., 2002). While rarely a cause of CAP (Fine, 1996), PA VAP has high mortality rates, ranging from 42-87% (Fujitani et al., 2011) and is amongst the most burdensome of healthcare-associated infections due to its prevalence and pathogenicity (Lambert et al., 2011).

PA infection alters normal airway clearance through disruption of ciliary activity and injury to airway epithelium, resulting in increased mucus secretion (Sethi and Murphy, 2008). Furthermore, PA can form biofilm matrices (Ma et al., 2009), which protect the bacteria against environmental stresses and mitigate antibiotic efficacy. PA-acquired antimicrobial resistance is multifactorial, and includes upregulation of efflux pumps, toxins, β-lactamases, and decreased outer membrane permeability, resulting in MDR isolates (Sun et al., 2011). Through frequent exposure to antibiotics, MDR-PA is often selected for in chronically infected patients such as those with cystic fibrosis (CF), non-CF bronchiectasis, and chronic obstructive lung disease, making these strains extremely difficult to eradicate with limited therapeutic options (Murray et al., 2007). Persistent or recurrent infection with PA in these patient populations is accompanied by an accelerated decline in pulmonary function, leading to early death or lung transplantation. Thus, understanding the mechanisms regulating effector functions of host immune resistance are paramount to develop novel therapeutic strategies for managing PA-associated lung infection.

There are several innate immune pathways activated by PA’s pathogen and biofilm-associated molecular patterns— which are recognized by Toll-like receptors 4 (TLR4) and 5 (TLR5) to initiate protective responses in the lung (Lin and Kazmierczak, 2017). Lung-patrolling tissue-resident alveolar macrophages (TRAMs) are the first immune cell responders to PA infection. As gatekeepers of the respiratory system, TRAMs express a network of chemokines and cytokines that result in alveolar recruitment of neutrophils, natural killer cells, dendritic cells and T cells, to fine-tune the immune response to PA infection.

Multiple studies have found a protective role for adaptive immune responses in murine models of acute PA infection (Powderly et al., 1986; Nieuwenhuis et al., 2002; Koh et al., 2009). Specifically, mice deficient in mature T and B cells (Rag2 KO mice) exhibited impaired bacterial clearance and worsened survival post-PA inoculation (Nieuwenhuis et al., 2002; Koh et al., 2009). Chronic PA infections in patients with CF or non-CF bronchiectasis have been mostly associated with induction of a TH2 program in the lung, particularly during exacerbations (Moser et al., 2000; Hartl et al., 2006; Tiringer et al., 2013; Quigley et al., 2015). Instead, patients with an upregulated TH1 immune response had better lung function and prognosis, underscoring a key role for dysregulated TH cell polarization in modulating severity of PA-induced lung infection (Moser et al., 2000). Bacteria can use signaling molecules to monitor their population density and regulate gene expression in a process known as quorum sensing (QS). Investigators have reported that certain N-acyl homoserine lactone QS-signal molecules, suppress TH1 cytokines and T cell proliferation, further skewing the TH1/TH2 balance (Telford et al., 1998; Skindersoe et al., 2009) toward a TH1-deficient environment— rendering patients more susceptible to PA infection (Moser et al., 2000; Brazova et al., 2005; Parker et al., 2012). Additionally, Agaronyan and colleagues, recently reported that a PA-derived toxin can induce type 2 inflammatory responses in mice, leading to increased host mucin production that serves as a nutrient source for bacteria (Agaronyan et al., 2022).  Using a human epithelial cell line and murine lung organ cultures, they characterized a mechanism whereby the PA metalloprotease, LasB, induces expression of type 2-associated genes through activation of the epithelial growth factor family member, amphiregulin (Areg). Deviation of the immune response led to remodeling of the infectious niche and altered the TH1/TH2 balance to promote chronic PA infection. Taken together, these observations emphasize the complexity of host-pathogen interactions during PA infection, where PA-associated virulence factors can induce effector responses that, while beneficial for their survival, can promote bacterial colonization and drive specific immunopathology in the host (Figure 1).

A single-cytokine categorization of TH cell subsets incompletely describes the heterogeneity and plasticity of adaptive immune responses (O’Shea and Paul, 2010). Some TH cells share a closer developmental connection, and in complex inflammatory microenvironments with mixed polarizing cues can result in hybrid TH signatures (Tortola et al., 2020). Indeed, investigators found that an enriched TH2-TH17 program in the bronchoalveolar lavage fluid (BALF) of CF patients preceded PA infection (Tiringer et al., 2013). Multiple groups confirmed these findings by reporting increased levels of IL-17 and IL-17+CD4+ T cells in sputum, BALF and draining lymph node specimens from CF patients with chronic PA-induced lung infection (McAllister et al., 2005; Decraene et al., 2010; Chan et al., 2013). Notably, Mulcahy et al. subsequently showed that elevated TH17 responses in peripheral blood inversely correlated with lung function in this patient population (Mulcahy et al., 2015). Hence, to fathom the molecular mechanisms underpinning the role of TH17 functional programs during PA infection, investigators turned to experimental murine models. Similar to the Kp pneumonia model, TH17 responses have been broadly linked to a protective phenotype following acute PA infection (Liu et al., 2011; Wu et al., 2012; Baker et al., 2019). Results from chronic PA infection studies have been more difficult to interpret. The lack of typical human CF clinical manifestations in mice with targeted CFTR gene alterations has tempered the enthusiasm to examine TH17 immunity in CF murine models. While neutralization of IL-17 in a CF mouse model demonstrated protection against lung inflammation from PA (Hsu et al., 2016), other investigators found that Il-17ra-deficient mice exhibited higher mortality post-infection (Bayes et al., 2016). Collectively, these results highlight the need for studies that examine context-dependent, cell-specific mechanisms controlling the interaction between bacterial and host immune resistance programs— and their temporal effect in driving lung inflammation, injury and repair in novel experimental models.

In humans and mice, a specialized subset of CD4+ T cells— known as Treg cells— are recruited to the alveolar space in response to injury and promote resolution of lung inflammation and tissue regeneration by exerting myriad reparative functions (Walter et al., 2018; Morales-Nebreda et al., 2021). In a large cohort of pediatric and young adult patients with CF and non-CF bronchiectasis, Hector et al. observed a significantly decreased number of peripheral and BALF Treg cells with impaired suppressive function, when compared to healthy control subjects (Hector et al., 2015). Notably, reduced Treg cells correlated with worsened lung function and chronic PA colonization. Furthermore, in an acute PA pneumonia model, Cftr-deficient (Cftr-/-) mice showed decreased percentages of Treg cells when compared to control animals (Cftr+/+). Cftr-/-mice developed chronic inflammation, which was mitigated by adoptive transfer of wild-type Cftr+/+, but not by transfer of Cftr-/- Treg cells. While the mechanisms that underlie the impairment in Treg cell-mediated reparative function in this specific model remain unknown, these results support the emerging evidence that Treg cell-based immunotherapeutics can be leveraged to treat complex inflammatory conditions— including acute lung inflammation associated with pneumonia (Joudi et al., 2022).



Acinetobacter baumannii

Acinetobacter baumannii (AB) is an aerobic, Gram-negative bacillus responsible for a significant number of HAP and VAPs (Hartzell et al., 2007). The mortality rate for AB infection ranges from 26% to 55% and increases with infection by MDR strains (Xiao et al., 2017). Similar to Kp and PA, AB has numerous mechanisms of antibiotic resistance that adds to the difficulty in effective treatment of the disease (Fournier and Richet, 2006), including beta-lactamases that can hydrolyze carbapenems (Singh et al., 2013). Porin channels that allow antibiotic entry into bacteria are decreased in number and size in AB, which also facilitates antibiotic resistance (Mussi et al., 2005). Other mechanisms include biofilm formation, nutrient acquisition, and escape from the complement cascade (Russo et al., 2010; Wang et al., 2014; Geisinger and Isberg, 2015). These mechanisms enhance the ability of AB to infect and persist in the lower respiratory tract, and in turn, a robust and targeted immune response ensues.

Neutrophils are paramount to the innate immune response to AB. In mouse models, intratracheal infection of neutropenic mice with AB led to the development of severe acute lung injury and increased mortality when compared to control mice (Joly-Guillou et al., 1997). Consistent with this finding, multiple studies have demonstrated respiratory failure, neutropenic fever, and high rates of mortality in neutropenic patients diagnosed with AB pneumonia (Nunley et al., 2010; Li et al., 2020). Along with neutrophils, macrophages play a key role in the response to AB infection. Mouse models demonstrate the ability of macrophages to phagocytose AB shortly after infection leading to prompt release of pro-inflammatory cytokines and recruitment of additional innate and adaptive immune cell subsets (Qiu et al., 2012).

A detailed understanding of the molecular and cellular mechanisms governing adaptive immune responses to AB infection remains an area for much needed research (García-Patiño et al., 2017). While innate and adaptive IL-17 signaling pathways have been shown to be critical in neutrophil recruitment and defense against acute Kp and PA-associated pneumonia in mice, its role against AB infection is not clearly characterized (Yan et al., 2016). Using a systemic infection murine model of AB-induced sepsis, Breslow and colleagues demonstrated that IL-17-mediated immunity does not play a crucial role in controlling susceptibility to AB infection (Breslow et al., 2011). Specifically, they showed that AB infection induced biphasic increases in both IL-17 and the neutrophil keratinocyte-derived chemoattractant (KC/CXCL1), however administration of specific antibodies targeting these molecules, resulted in no difference in bacterial burden and mortality when compared to control conditions. Furthermore, Il17a-deficient mice inoculated with five distinct AB strains of different virulence level and antibiotic resistance pattern, demonstrated no difference in susceptibility when compared to wild-type mice (Breslow et al., 2011). IL-17A shares 50% homology of its amino acid sequence with the IL-17 family member, IL17F. Although they bind the same receptor, their context-dependent functional differences in modulating inflammatory conditions is an area of ongoing investigation (Tang et al., 2018). Hence, a compensatory role for IL-17F during AB infection remains a plausible explanation for the phenotype observed in the Breslow et al. report. Future work, leveraging Il-17f- and Il-17ra-deficient mice could better address the specific role of IL-17-dependent mucosal immunity in the susceptibility to AB-induced pneumonia.

Given the rising prevalence and mortality associated with MDR-and XDR-AB strains, particularly in immunocompromised hosts— alternative preventative strategies with vaccination of at-risk populations remain a promising avenue for investigation and immunotherapy development. An outer membrane-porin-based (rOmpA) vaccine was previously shown to protect mice against lethal infection from XDR-AB isolates (Luo et al., 2012). Following on these observations, Lin et al. went on to demonstrate that increased doses of a rOmpA-based vaccine resulted in an enhanced TH2 immune response in mice. T cell epitope mapping uncovered expansion of IL-4-producing T cells to a broader range of immunodominant peptides— suggesting epitope spreading— whereas only a restricted number of epitopes induced TH1 cells (Lin et al., 2013). Altogether, these studies underscore the substantial gap in our understanding of how distinct T cell subsets specifically contribute to host immune defenses against AB infection. Nonetheless, they provide a foundation from which future studies can be designed to elucidate the contribution of distinct T cell subsets to mucosal host immunity in the lung.




Concluding remarks

Adaptive T cell immunity is central to the host defense against pulmonary infection by Gram-negative bacteria. Indeed, successful resolution of pneumonia requires generation of the appropriate effector T cell response to any given pathogen (Sallusto, 2016). As pathogens modify infectious niches within the host, T cells polarize their functional programs to adapt to a changing microenvironment. Reshaping of T cell responses can be either beneficial to the host, through microbe eradication and promotion of tissue repair, or detrimental by driving immunopathology and bacterial colonization. Thus, understanding the complex circuitry of regulatory mechanisms that control host immune T cell resistance pathways throughout the course of pneumonia can be exploited to generate new therapies that amplify T cell-mediated immune resistance and tissue resilience in the host. The multitude of resistance mechanisms and virulence factors associated with Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii have drastically narrowed the armamentarium of traditional pathogen-directed therapies for pneumonia, and rendered most antibiotics ineffective (Pickens and Wunderink, 2019). Hence, non-traditional, host-specific approaches are needed to circumvent bacterial drug resistance to effectively manage pneumonia. The development of cutting-edge technologies in the fields of synthetic immunology, genome and epigenome editing systems has broadened the capacity to engineer T cells that can either impart specificity against a given microbe or pathogenic immune cell, or expand tissue-protective T cell subsets (Ferreira et al., 2019). The COVID-19 pandemic has renewed the interest to leverage existing platforms such as viral vectored- or nucleic-acid-based vaccines to achieve sterilizing mucosal immunity against bacterial infections. Recently, a group of investigators showed the feasibility to produce in vivo engineered T cells, by injecting T cell-targeted lipid nanoparticles with modified mRNA to ameliorate cardiac fibrosis in mice (Rurik et al., 2022). A growing body of preclinical data supports the use of these combinatorial approaches to treat pathologies beyond cancer, including autoimmune, metabolic and infectious diseases (Aghajanian et al., 2022). Thus, we envision that coupling of these technologies holds tremendous promise in harnessing the next generation of T cell-based immunomodulatory pharmacotherapies to treat an expanding population of patients with severe Gram-negative pneumonia.



Author contributions

All authors contributed to the article and approved the submitted version.



Funding

CG is supported by NIH NHLBI Training Grant T32HL076139. LM-N is supported by NIH award K08HL1593356 and the Francis Family Foundation’s Parker B. Francis Opportunity Award. CP is supported by NIH/NIAID U19AI135964.The content is solely the responsibility of the authors and does not necessarily represent the official views of the funding sources.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Agaronyan, K., Sharma, L., Vaidyanathan, B., Glenn, K., Yu, S., Annicelli, C, et al. (2022). Tissue remodeling by an opportunistic pathogen triggers allergic inflammation. Immunity  55 (5), 895–911.E10. doi: 10.1016/j.immuni.2022.04.001

 Aghajanian, H., Rurik, J. G., and Epstein, J. A. (2022). CAR-based therapies: opportunities for immuno-medicine beyond cancer. Nat Metab 4, 163–9. doi: 10.1038/s42255-022-00537-5

 Amezcua Vesely, M. C., Pallis, P., Bielecki, P., Low, J. S., Zhao, J., Harman, C. C.D, et al. (2019). Effector TH17 cells give rise to long-lived TRM cells that are essential for an immediate response against bacterial infection. Cell 178 (5), 1176–1188.e15. doi: 10.1016/j.cell.2019.07.032

 Annunziato, F., and Romagnani, S. (2009). Heterogeneity of human effector CD4+ T cells. Arthritis Res. Ther. 11 (6), 257. doi: 10.1186/ar2843

 Ashurst, J. V., and Dawson, A. (2022). “Klebsiella pneumonia,” in StatPearls (Treasure Island (FL): StatPearls Publishing).

 Aujla, S. J., Chan, Y. R., Zheng, M., Fei, M., Askew, D. J., Pociask, D. A, et al. (2008). IL-22 mediates mucosal host defense against gram-negative bacterial pneumonia. Nat. Med. 14 (3), 275–281. doi: 10.1038/nm1710

 Avci, F. Y., Li, X., Tsuji, M., and Kasper, D. L. (2011). A mechanism for glycoconjugate vaccine activation of the adaptive immune system and its implications for vaccine design. Nat. Med. 17 (12), 1602–1609. doi: 10.1038/nm.2535

 Baker, S. M., Pociask, D., Clements, J. D., McLachlan, J. B., and Morici, L. A. (2019). Intradermal vaccination with a pseudomonas aeruginosa vaccine adjuvanted with a mutant bacterial ADP-ribosylating enterotoxin protects against acute pneumonia. Vaccine 37 (6), 808–816. doi: 10.1016/j.vaccine.2018.12.053

 Bassetti, M., Righi, E., Carnelutti, A., Graziano, E., Russo, A., et al. (2018). Multidrug-resistant klebsiella pneumoniae: challenges for treatment, prevention and infection control. Expert Rev. anti-infective Ther. 16 (10), 749–761. doi: 10.1080/14787210.2018.1522249

 Bayes, H. K., Ritchie, N. D., and Evans, T. J. (2016). Interleukin-17 is required for control of chronic lung infection caused by pseudomonas aeruginosa. Infect. Immun. 84 (12), 3507–3516. doi: 10.1128/IAI.00717-16

 Brazova, J., Sediva, A., Pospisilova, D., Vavrova, V., Pohunek, P., Macek, M. Jr, et al. (2005). Differential cytokine profile in children with cystic fibrosis. Clin. Immunol. 115 (2), 210–215. doi: 10.1016/j.clim.2005.01.013

 Breslow, J. M., Meissler, J. J. Jr, Hartzell, R. R., Spence, P. B., Truant, A., Gaughan, J, et al. (2011). Innate immune responses to systemic acinetobacter baumannii infection in mice: neutrophils, but not interleukin-17, mediate host resistance. Infect. Immun. 79 (8), 3317–3327. doi: 10.1128/IAI.00069-11

 Cai, S., Batra, S., Lira, S. A., and Jeyaseelan, S. (2010). CXCL1 regulates pulmonary host defense to klebsiella infection via CXCL2, CXCL5, NF-kappaB, and MAPKs. J. Immunol. 185 (10), 6214–6225. doi: 10.4049/jimmunol.0903843

 Chan, Y. R., Chen, K., Duncan, S. R., Lathrop, K. L., Latoche, J. D., Logar, A. J., et al. (2013). Patients with cystic fibrosis have inducible IL-17+IL-22+ memory cells in lung draining lymph nodes. J. Allergy Clin. Immunol. 131 (4), 1117–29, 1129.e1–5. doi: 10.1016/j.jaci.2012.05.036

 Chen, K., and Kolls, J. K. (2013). T Cell-mediated host immune defenses in the lung. Annu. Rev. Immunol. 31, 605–633. doi: 10.1146/annurev-immunol-032712-100019

 Chetcuti Zammit, S., Azzopardi, N., and Sant, J. (2014). Mortality risk score for klebsiella pneumoniae bacteraemia. Eur. J. Internal Med. 25 (6), 571–576. doi: 10.1016/j.ejim.2014.04.008

 Decraene, A., Willems-Widyastuti, A., Kasran, A., De Boeck, K., Bullens, D. M., Dupont, L, et al. (2010). Elevated expression of both mRNA and protein levels of IL-17A in sputum of stable cystic fibrosis patients. Respir. Res. 11, 177. doi: 10.1186/1465-9921-11-177

 DuPage, M., and Bluestone, J. A. (2016). Harnessing the plasticity of CD4(+) T cells to treat immune-mediated disease. Nat. Rev. Immunol. 16 (3), 149–163. doi: 10.1038/nri.2015.18

 Feng, D.-Y., Zhou, Y.-Q., Zou, X.-L., Zhou, M., Wu, W.-B., Chen, X.-X., et al. (2019). Factors influencing mortality in hospital-acquired pneumonia caused by gram-negative bacteria in China. J. infect. Public Health 12 (5), 630–633. doi: 10.1016/j.jiph.2019.02.014

 Ferreira, L. M. R., Muller, Y. D., Bluestone, J. A., and Tang, Q. (2019). Next-generation regulatory T cell therapy. Nat. Rev. Drug Discovery 18 (10), 749–769. doi: 10.1038/s41573-019-0041-4

 Fine, M. J. (1996). Prognosis and outcomes of patients with community-acquired pneumonia. a meta-analysis. JAMA: J. Am. Med. Assoc 275, 134–141. doi: 10.1001/jama.275.2.134

 Fournier, P. E., and Richet, H. (2006). The epidemiology and control of acinetobacter baumannii in health care facilities. Clin. Infect. dis.: an Off. Publ. Infect. Dis. Soc. America 42 (5), 692–699. doi: 10.1086/500202

 Fujitani, S., Sun, H.-Y., Yu, V. L., and Weingarten, J. A.. (2011). Pneumonia due to pseudomonas aeruginosa: part I: epidemiology, clinical diagnosis, and source. Chest 139 (4), 909–919. doi: 10.1378/chest.10-0166

 García-Patiño, M. G., García-Contreras, R., and Licona-Limón, P. (2017). The immune response against acinetobacter baumannii, an emerging pathogen in nosocomial infections. Front. Immunol. 8, 441. doi: 10.3389/fimmu.2017.00441

 Geisinger, E., and Isberg, R. R. (2015). Antibiotic modulation of capsular exopolysaccharide and virulence in acinetobacter baumannii. PloS Pathog. 11 (2), e1004691. doi: 10.1371/journal.ppat.1004691

 Happel, K. I., Dubin, P. J., Zheng, M., Ghilardi, N., Lockhart, C., Quinton, L. J., et al. (2005). Divergent roles of IL-23 and IL-12 in host defense against klebsiella pneumoniae. J. Exp. Med. 202 (6), 761–769. doi: 10.1084/jem.20050193

 Harrington, L. E., Hatton, R. D., Mangan, P. R., Turner, H., Murphy, T. L., Murphy, K. M, et al. (2005). Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 6 (11), 1123–1132. doi: 10.1038/ni1254

 Hartl, D., Griese, M., Kappler, M., Zissel, G., Reinhardt, D., Rebhan, C., et al. (2006). Pulmonary T(H)2 response in pseudomonas aeruginosa-infected patients with cystic fibrosis. J. Allergy Clin. Immunol. 117 (1), 204–211. doi: 10.1016/j.jaci.2005.09.023

 Hartzell, J. D., Kim, A. S., Kortepeter, M. G., and Moran, K. A. (2007). Acinetobacter pneumonia: a review. MedGenMed.: Medscape. Gen. Med. 9 (3), 4. Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2100077/

 Hector, A., Schäfer, H., Pöschel, S., Fischer, A., Fritzsching, B., Ralhan, A, et al. (2015). Regulatory T-cell impairment in cystic fibrosis patients with chronic pseudomonas infection. Am. J. Respir. Crit. Care Med. 191 (8), 914–923. doi: 10.1164/rccm.201407-1381OC

 Hirche, T. O., Gaut, J. P., Heinecke, J. W., et al. (2005). Myeloperoxidase plays critical roles in killing klebsiella pneumoniae and inactivating neutrophil elastase: effects on host defense. J. Immunol. 174 (3), 1557–1565. doi: 10.4049/jimmunol.174.3.1557

 Hsu, D., Taylor, P., Fletcher, D., van Heeckeren, R., Eastman, J., van Heeckeren, A, et al. (2016). Interleukin-17 pathophysiology and therapeutic intervention in cystic fibrosis lung infection and inflammation. Infect. Immun. 84 (9), 2410–2421. doi: 10.1128/IAI.00284-16

 Iwanaga, N., Chen, K., Yang, H., Lu, S., Hoffmann, J. P., Wanek, A., et al. (2021). Vaccine-driven lung TRM cells provide immunity against klebsiella via fibroblast IL-17R signaling. Sci. Immunol. 6 (63), eabf1198. doi: 10.1126/sciimmunol.abf1198

 Jean, S.-S., Chang, Y.-C., Lin, W.-C., Lee, W.-S., Hsueh, P.-R., and and Hsu, C.-W.. (2020). Epidemiology, treatment, and prevention of nosocomial bacterial pneumonia. J. Clin. Med. Res. 9 (1), 1–21. doi: 10.3390/jcm9010275

 Joly-Guillou, M. L., Wolff, M., Pocidalo, J. J., Walker, F., and Carbon, C.. (1997). Use of a new mouse model of acinetobacter baumannii pneumonia to evaluate the postantibiotic effect of imipenem. Antimicrobial Agents chemother. 41 (2), 345–351. doi: 10.1128/AAC.41.2.345

 Jones, R. N. (2010). Microbial etiologies of hospital-acquired bacterial pneumonia and ventilator-associated bacterial pneumonia. Clin. Infect. dis.: an Off. Publ. Infect. Dis. Soc. America 51 Suppl 1, S81–S87. doi: 10.1086/653053

 Joudi, A. M., Reyes Flores, C. P., and Singer, B. D. (2022). Epigenetic control of regulatory T cell stability and function: Implications for translation. Front. Immunol. 13, 861607. doi: 10.3389/fimmu.2022.861607

 Koh, A. Y., Priebe, G. P., Ray, C., Van Rooijen, N., and Pier, G. B. (2009). Inescapable need for neutrophils as mediators of cellular innate immunity to acute pseudomonas aeruginosa pneumonia. Infect. Immun. 77 (12), 5300–5310. doi: 10.1128/IAI.00501-09

 Lambert, M.-L., Suetens, C., Savey, A., Palomar, M., Hiesmayr, M., Morales, I., et al. (2011). Clinical outcomes of health-care-associated infections and antimicrobial resistance in patients admitted to European intensive-care units: a cohort study. Lancet Infect. Dis. 11 (1), 30–38. doi: 10.1016/S1473-3099(10)70258-9

 Li, L., Hsu, S. H., Gu, X., Jiang, S., Shang, L., Sun, G, et al. (2020). Aetiology and prognostic risk factors of mortality in patients with pneumonia receiving glucocorticoids alone or glucocorticoids and other immunosuppressants: a retrospective cohort study. BMJ Open 10 (10), e037419. doi: 10.1136/bmjopen-2020-037419

 Lin, C. K., and Kazmierczak, B. I. (2017). Inflammation: A double-edged sword in the response to pseudomonas aeruginosa infection. J. Innate Immun  9, 250–261. doi: 10.1159/000455857

 Lin, L., Tan, B., Pantapalangkoor, P., Ho, T., Hujer, A. M., Taracila, M. A., et al. (2013). Acinetobacter baumannii rOmpA vaccine dose alters immune polarization and immunodominant epitopes. Vaccine. 31 (2), 313–8. doi: 10.1016/j.vaccine.2012.11.008

 Liu, J., Feng, Y., Yang, K., Li, Q., Ye, L., Han, L, et al. (2011). Early production of IL-17 protects against acute pulmonary pseudomonas aeruginosa infection in mice. FEMS Immunol. Med. Microbiol. 61 (2), 179–188. doi: 10.1111/j.1574-695X.2010.00764.x

 Luo, G., Lin, L., Ibrahim, A. S., Baquir, B., Pantapalangkoor, P., Bonomo, R. A., et al. (2012). Active and passive immunization protects against lethal, extreme drug resistant-acinetobacter baumannii infection. PloS One 7 (1), e29446. doi: 10.1371/journal.pone.0029446

 Ma, L., Conover, M., Lu, H., Parsek, M. R., Bayles, K., and Wozniak, D. J.. (2009). Assembly and development of the pseudomonas aeruginosa biofilm matrix. PloS Pathog. 5 (3), e1000354. doi: 10.1371/journal.ppat.1000354

 McAllister, F., Henry, A., Kreindler, J. L., Dubin, P. J., Ulrich, L., Steele, C., et al. (2005). Role of IL-17A, IL-17F, and the IL-17 receptor in regulating growth-related oncogene-alpha and granulocyte colony-stimulating factor in bronchial epithelium: implications for airway inflammation in cystic fibrosis. J. Immunol. 175 (1), 404–412. doi: 10.4049/jimmunol.175.1.404

 Moore, T. A., Moore, B. B., Newstead, M. W., and Standiford, T. J.. (2000). Gamma delta-T cells are critical for survival and early proinflammatory cytokine gene expression during murine klebsiella pneumonia. J. Immunol. 165 (5), 2643–2650. doi: 10.4049/jimmunol.165.5.2643

 Morales-Nebreda, L., Helmin, K. A., Torres Acosta, M. A., Markov, N. S., Hu, J. Y.-S., Joudi, A. M, et al. (2021). Aging imparts cell-autonomous dysfunction to regulatory T cells during recovery from influenza pneumonia. JCI Insight 6 (6), 1–19. doi: 10.1172/jci.insight.141690

 Moser, C., Kjaergaard, S., Pressler, T., Kharazmi, A., Koch, C., and Høiby, N. (2000). The immune response to chronic pseudomonas aeruginosa lung infection in cystic fibrosis patients is predominantly of the Th2 type. APMIS: Acta pathol. microbiol. immunol. Scandinavica 108 (5), 329–335. doi: 10.1034/j.1600-0463.2000.d01-64.x

 Mulani, M. S., Kamble, E. E., Kumkar, S. N., Tawre, M. S., and Pardesi, K. R. (2019). Emerging strategies to combat ESKAPE pathogens in the era of antimicrobial resistance: A review. Front. Microbiol. 10, 539. doi: 10.3389/fmicb.2019.00539

 Mulcahy, E. M., Hudson, J. B., Beggs, S. A., Reid, D. W., Roddam, L. F., and Cooley, M. A. (2015). High peripheral blood th17 percent associated with poor lung function in cystic fibrosis. PloS One 10 (3), e0120912. doi: 10.1371/journal.pone.0120912

 Murray, T. S., Egan, M., and Kazmierczak, B. I. (2007). Pseudomonas aeruginosa chronic colonization in cystic fibrosis patients. Curr. Opin. Pediatr. 19 (1), 83–88. doi: 10.1097/MOP.0b013e3280123a5d

 Mussi, M. A., Limansky, A. S., and Viale, A. M. (2005). Acquisition of resistance to carbapenems in multidrug-resistant clinical strains of acinetobacter baumannii: natural insertional inactivation of a gene encoding a member of a novel family of beta-barrel outer membrane proteins. Antimicrobial Agents chemother. 49 (4), 1432–1440. doi: 10.1128/AAC.49.4.1432-1440.2005

 Nieuwenhuis, E. E. S., Matsumoto, T., Exley, M., Schleipman, R. A., Glickman, J., Bailey, D. T, et al. (2002). CD1d-dependent macrophage-mediated clearance of pseudomonas aeruginosa from lung. Nat. Med. 8 (6), 588–593. doi: 10.1038/nm0602-588

 Nunley, D. R., Bauldoff, G. S., Mangino, J. E., and Pope-Harman, A. L. (2010). Mortality associated with acinetobacter baumannii infections experienced by lung transplant recipients. Lung 188 (5), 381–385. doi: 10.1007/s00408-010-9250-7

 O’Shea, J. J., and Paul, W. E. (2010). Mechanisms underlying lineage commitment and plasticity of helper CD4+ T cells. Science 327 (5969), 1098–1102. doi: 10.1126/science.1178334

 Paczosa, M. K., and Mecsas, J. (2016). Klebsiella pneumoniae: Going on the offense with a strong defense. Microbiol. Mol. Biol. reviews: MMBR 80 (3), 629–661. American Society for Microbiology. doi: 10.1128/MMBR.00078-15

 Parker, D., Cohen, T. S., Alhede, M., Harfenist, B. S., Martin, F. J., and Prince, A. (2012). Induction of type I interferon signaling by pseudomonas aeruginosa is diminished in cystic fibrosis epithelial cells. Am. J. Respir. Cell Mol. Biol. 46 (1), 6–13. doi: 10.1165/rcmb.2011-0080OC

 Pickens, C. I., and Wunderink, R. G. (2019). Principles and practice of antibiotic stewardship in the ICU. Chest 156 (1), 163–171. doi: 10.1016/j.chest.2019.01.013

 Pitout, J. D. D., Nordmann, P., and Poirel, L. (2015). Carbapenemase-producing klebsiella pneumoniae, a key pathogen set for global nosocomial dominance. Antimicrobial Agents chemother. 59 (10), 5873–5884. doi: 10.1128/AAC.01019-15

 Powderly, W. G., Pier, G. B., and Markham, R. B. (1986). T Lymphocyte-mediated protection against pseudomonas aeruginosa infection in granulocytopenic mice. J. Clin. Invest. 78 (2), 375–380. doi: 10.1172/JCI112587

 Price, A. E., Reinhardt, R. L., Liang, H.-E., and Locksley, R. M.. (2012). Marking and quantifying IL-17A-producing cells in vivo. PloS One 7 (6), e39750. doi: 10.1371/journal.pone.0039750

 Qiu, H., KuoLee, R., Harris, G., Van Rooijen, N., Patel, G. B., and Chen, W. (2012). Role of macrophages in early host resistance to respiratory acinetobacter baumannii infection. PloS One 7 (6), e40019. doi: 10.1371/journal.pone.0040019

 Quigley, K. J., Reynolds, C. J., Goudet, A., Raynsford, E. J., Sergeant, R., Quigley, A, et al. (2015). Chronic infection by mucoid pseudomonas aeruginosa associated with dysregulation in T-cell immunity to outer membrane porin f. Am. J. Respir. Crit. Care Med. 191 (11), 1250–1264. doi: 10.1164/rccm.201411-1995OC

 Rello, J., Ollendorf, D. A., Oster, G., Vera-Llonch, M., Bellm, L., Redman, R., et al (2002). Epidemiology and outcomes of ventilator-associated pneumonia in a Large US database. Chest 122, 2115–21. doi: 10.1378/chest.122.6.2115

 Ribot, J. C., Lopes, N., and Silva-Santos, B. (2021). γδ T cells in tissue physiology and surveillance. Nat. Rev. Immunol. 21 (4), 221–232. doi: 10.1038/s41577-020-00452-4

 Roger, T., Delaloye, J., Chanson, A. L., Giddey, M., Le Roy, D., Calandra, T., et al (2013). Macrophage migration inhibitory factor deficiency is associated with impaired killing of gram-negative bacteria by macrophages and increased susceptibility to Klebsiella pneumoniae sepsis. J Infect Dis 207 (2), 331–9. doi: 10.1093/infdis/jis673

 Rurik, J. G., Tombácz, I., Yadegari, A., Méndez Fernández, P. O., Shewale, S. V., Li, L, et al. (2022). CAR T cells produced in vivo to treat cardiac injury. Science 375 (6576), 91–96. doi: 10.1126/science.abm0594

 Russo, T. A., Luke, N. R., Beanan, J. M., Olson, R., Sauberan, S. L., MacDonald, U., et al. (2010). The K1 capsular polysaccharide of acinetobacter baumannii strain 307-0294 is a major virulence factor. Infect. Immun. 78 (9), 3993–4000. doi: 10.1128/IAI.00366-10

 Sallusto, F. (2016). Heterogeneity of human CD4(+) T cells against microbes. Annu. Rev. Immunol. 34, 317–334. doi: 10.1146/annurev-immunol-032414-112056

 Seder, R. A., and Ahmed, R. (2003). Similarities and differences in CD4+ and CD8+ effector and memory T cell generation. Nat. Immunol. 4 (9), 835–842. doi: 10.1038/ni969

 Sethi, S., and Murphy, T. F. (2008). Infection in the pathogenesis and course of chronic obstructive pulmonary disease. New Engl. J. Med. 359 (22), 2355–2365. doi: 10.1056/NEJMra0800353

 Singh, H., Thangaraj, P., and Chakrabarti, A. (2013). Acinetobacter baumannii: A brief account of mechanisms of multidrug resistance and current and future therapeutic management. J. Clin. Diagn. research: JCDR 7 (11), 2602–2605. doi: 10.7860/JCDR/2013/6337.3626

 Skindersoe, M. E., Zeuthen, L. H., Brix, S., Brix, S., Fink, L. N., Lazenby, J., Whittall, C, et al. (2009). Pseudomonas aeruginosa quorum-sensing signal molecules interfere with dendritic cell-induced T-cell proliferation. FEMS Immunol. Med. Microbiol. 55 (3), 335–345. doi: 10.1111/j.1574-695X.2008.00533.x

 Smith, N. M., Wasserman, G. A., Coleman, F. T., Hilliard, K. L., Yamamoto, K., Lipsitz, E, et al. (2018). Regionally compartmentalized resident memory T cells mediate naturally acquired protection against pneumococcal pneumonia. Mucosal Immunol. 11 (1), 220–235. doi: 10.1038/mi.2017.43

 Sun, H.-Y., Fujitani, S., Quintiliani, R., and Yu, V. L.. (2011). Pneumonia due to pseudomonas aeruginosa: part II: antimicrobial resistance, pharmacodynamic concepts, and antibiotic therapy. Chest 139 (5), 1172–1185. doi: 10.1378/chest.10-0167

 Tang, C., Kakuta, S., Shimizu, K., Kadoki, M., Kamiya, T., Shimazu, T, et al. (2018). Suppression of IL-17F, but not of IL-17A, provides protection against colitis by inducing T cells through modification of the intestinal microbiota. Nat. Immunol. 19 (7), 755–765. doi: 10.1038/s41590-018-0134-y

 Telford, G., Wheeler, D., Williams, P., Tomkins, P. T., Appleby, P., Sewell, H, et al. (1998). The pseudomonas aeruginosa quorum-sensing signal molecule n-(3-oxododecanoyl)-L-homoserine lactone has immunomodulatory activity. Infect. Immun. 66 (1), 36–42. doi: 10.1128/IAI.66.1.36-42.1998

 Theuretzbacher, U., and Piddock, L. J. V. (2019). Non-traditional antibacterial therapeutic options and challenges. Cell Host Microbe 26 (1), 61–72. doi: 10.1016/j.chom.2019.06.004

 Tiringer, K., Treis, A., Fucik, P., Gona, M., Gruber, S., Renner, S., et al. (2013). A Th17- and Th2-skewed cytokine profile in cystic fibrosis lungs represents a potential risk factor for pseudomonas aeruginosa infection. Am. J. Respir. Crit. Care Med. 187 (6), 621–629. doi: 10.1164/rccm.201206-1150OC

 Torres, A., Cilloniz, C., Niederman, M. S., Menéndez, R., Chalmers, J. D., Wunderink, R. G, et al. (2021). Pneumonia. Nat. Rev. Dis. Primers 7 (1), 25. doi: 10.1038/s41572-021-00259-0

 Tortola, L., Jacobs, A., Pohlmeier, L., Obermair, F.-J., Ampenberger, F., Bodenmiller, B, et al. (2020). High-dimensional T helper cell profiling reveals a broad diversity of stably committed effector states and uncovers interlineage relationships. Immunity 53 (3), 597–613.e6. doi: 10.1016/j.immuni.2020.07.001

 Venkataraman, R., Divatia, J. V., Ramakrishnan, N., Chawla, R., Amin, P., Gopal, P., et al. (2018). Multicenter observational study to evaluate epidemiology and resistance patterns of common intensive care unit-infections. Indian J. Crit. Care med.: peer-reviewed Off. Publ. Indian Soc. Crit. Care Med. 22 (1), 20–26. doi: 10.4103/ijccm.IJCCM_394_17

 Walter, J. M., Helmin, K. A., Abdala-Valencia, H., Wunderink, R. G., and Singer, B. D. (2018). Multidimensional assessment of alveolar T cells in critically ill patients. JCI Insight 3 (17), 1–9. doi: 10.1172/jci.insight.123287

 Wang, N., Ozer, E. A., Mandel, M. J., and Hauser, A. R.. (2014). Genome-wide identification of acinetobacter baumannii genes necessary for persistence in the lung. mBio 5 (3), e01163–e01114. doi: 10.1128/mBio.01163-14

 Wu, W., Huang, J., Duan, B., Traficante, D. C., Hong, H., Risech, M., et al. (2012). Th17-stimulating protein vaccines confer protection against pseudomonas aeruginosa pneumonia. Am. J. Respir. Crit. Care Med. 186 (5), 420–427. doi: 10.1164/rccm.201202-0182OC

 Wu, J., Hayes, B. W., Phoenix, C., Macias, G. S., Miao, Y., Choi, H. W., et al. (2020). A highly polarized TH2 bladder response to infection promotes epithelial repair at the expense of preventing new infections. Nat Immunol. 21, 671–683. doi: 10.1038/s41590-020-0688-3

 Xiao, D., Wang, L., Zhang, D., Liu, Q., and Xing, X.. (2017). Prognosis of patients with acinetobacter baumannii infection in the intensive care unit: A retrospective analysis. Exp. Ther. Med. 13 (4), 1630–1633. doi: 10.3892/etm.2017.4137

 Xiong, H, Carter, RA, Leiner, IM, Tang, YW, Chen, L, Kreiswirth, BN, et al. (2015). Distinct contributions of neutrophils and CCR2+ monocytes to pulmonary clearance of different Klebsiella pneumoniae strains. Infect Immun 83 (9), 3418–27. doi: 10.1128/IAI.00678-15

 Yan, Z., Yang, J., Hu, R., Hu, X., and Chen, K. (2016). Acinetobacter baumannii infection and IL-17 mediated immunity. Mediators Inflammation 2016, 9834020. doi: 10.1155/2016/9834020

 Ye, P., Rodriguez, F. H., Kanaly, S., Stocking, K. L., Schurr, J., Schwarzenberger, P., et al. (2001). Requirement of interleukin 17 receptor signaling for lung CXC chemokine and granulocyte colony-stimulating factor expression, neutrophil recruitment, and host defense. J. Exp. Med. 194 (4), 519–527. doi: 10.1084/jem.194.4.519



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gao, Morales-Nebreda and Pickens. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gearing up for battle: Harnessing adaptive T cell immunity against gram-negative pneumonia

      

        		

          Introduction

        

          		

            Klebsiella pneumoniae

          



          		

            Pseudomonas aeruginosa

          



          		

            Acinetobacter baumannii

          



        



        



        		

          Concluding remarks

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2022.934671_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Gearing up for battle:
Harnessing adaptive
T cell immunity against
gram-negative pneumonia





OEBPS/Images/fcimb-12-934671-g001.jpg
Resolution of
acute Kp
infection

Chronic PA
infection

Neutrophil recruitment q
and ) .
pathogen clearance Type ;?dmunlty .
<O impaired pathogen x :
AS clearance M v
ucus PA
Eosmpﬁ.lls T.2

CXCL1\

Airway epithelial cells
(AEC)

Airway epithelial cells
(AEC)





