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Summary (144) 

 

Aim. In this study, we investigate whether the pH (Low) Insertion Peptide (pHLIP®) can 

target regions of lung injury associated with influenza infection. Materials and 

methods. Fluorophore-conjugated pHLIP is injected i.p. into mice infected with a 

sublethal dose of H1N1 Influenza and visualized histologically. Results. pHLIP 

specifically targets inflamed lung tissues of infected mice in the later stages of disease 

and at sites where alveolar type I and type II cells are depleted. Regions of pHLIP-

targeted lung tissue are devoid of peroxiredoxin 6, the lung-abundant antioxidant 

enzyme, and are deficient in pneumocytes. Interestingly, a pHLIP variant possessing 

mutations that renders it insensitive to pH changes was also able to target damaged 

lung tissue. Conclusion. pHLIP holds a potential for delivering therapeutics for lung 

injury during influenza infection. Furthermore, there may be more than one mechanism 

that enables pHLIP variants to target inflamed lung tissue. 
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Introduction  

Many influenza-related deaths are not directly linked to virus infection, but 

instead can be attributed to an exaggerated or dysregulated immune response towards 

the pathogenic insult [1] [2]. Hence, effective delivery of therapeutic agents aimed at 

ameliorating lung injury that is exacerbated by inflammation could greatly improve the 

survival and recovery of patients severely infected with influenza.  

In this study, we set out to develop a strategy for targeting inflamed or injured 

regions of the lungs in order to enable delivery of pharmaceutical agents. It was 

previously reported that a ~36 amino acid pH-responsive peptide is able to target 

inflamed arthritic joints in mice [3]. This peptide, named 'pH (Low) Insertion Peptide’, or 

in short, pHLIP® (pHLIP), has a strong affinity for low pH microenvironments such as 

tumors [4-6], where it inserts into cell membrane with a change in conformation and 

release of approximately 2 kcal/mole of energy. The energy released supports 

translocation of cargos conjugated to its C-terminus into the cytoplasm, making pHLIP a 

nanosyringe for small, cell-impermeable molecules such as phalloidin and peptide 

nucleic acid (PNA) [7-9]. While most healthy organs are usually slightly alkaline (~pH 

7.2-7.4) under physiological conditions, the interstitium of inflamed tissue has a much 

lower pH (as low as pH 5.8) [10, 11]. Thus, influenza-induced lung inflammation may 

facilitate specific targeting of pHLIP.  While extensive studies have been performed to 

evaluate pHLIP and to test its efficacy in the context of cancer, nothing had been done 

to test its utility as a means for targeted inflamed tissue associated with infection. Here, 

we have evaluated the ability of pHLIP to specifically target inflamed regions of the lung 

following infection with influenza.  



To study pHLIP targeting of inflammation and associated lung injury, we 

examined the biodistribution of pHLIP in a C57Bl/6 murine model inoculated with an 

H1N1 variant of influenza, Influenza A/Puerto Rico/8/34 (PR8). High sublethal dose of 

PR8 infection in C57Bl/6 mice causes severe viral pneumonia, which is a principal 

characteristic of hospitalized or intensive care pandemic H1N1 patients [12-14]. 

Knowledge regarding the specific biodistribution of pHLIP is critical for evaluating its 

potential utility both as a bioimaging tool and as a delivery agent for therapeutic drugs. 

This study shows that pHLIP specifically targets inflamed lung tissue, and does not 

accumulate in non-inflamed lung tissue. pHLIP-targeted regions are devoid of healthy 

pneumocytes, indicating that pHLIP specifically targets damaged regions of the lung. 

Importantly, these regions are also deficient in Peroxiredoxin 6, an important lung-

abundant antioxidant produced by ATI cells in response to inflammation. These findings 

bring about new possibilities for detecting inflammation-induced lung damage and for 

specific delivery of therapeutic agents, such as antioxidants, to regions of lung injury. 

Interestingly, a peptide, known as K-pHLIP, similar to pHLIP but without the 

ability to behave in a pH responsive fashion was also able to target damaged lung 

tissue, suggesting the possibility of more than one mechanism by which pHLIP targeted 

damaged lung tissue during influenza. Together, these results suggest there is more 

than one mechanism for targeted delivery of pHLIP-conjugated agents to sites of 

pulmonary inflammation and lung injury.   

  



Materials and Methods 

 Peptide synthesis and conjugation with fluorescent dye.  

The pHLIP peptide variant used in this study was synthesized with a cysteine residue at 

its N-terminus by solid-phase peptide synthesis and purified by reverse-phase HPLC at 

the W.M. Keck Foundation Biotechnology Resource Laboratory (Yale University). It has 

the following sequence: ACEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTG. 

Fluorescent dyes were conjugated to the N-terminal cysteine of pHLIP using the 

following protocol: To a solution of pHLIP peptide (1 µmol) in a solvent mixture 

consisting of 1:1:3:5 of DMF, DMSO, methanol, and aqueous NH4HCO3 buffer (200 mM; 

pH 8) was added 1 eq. of Alexa Fluor® 647 C2 maleimide (Invitrogen) in 50 µL DMSO. 

This mixture was stirred at room temperature and in the dark for 10 minutes. To this 

reduced mixture, an oxidizing solution of K3Fe(III)CN6 (6 mg, 18.2 µmol, 23.1 eq.) in 60 

µl of aqueous NH4HCO3 buffer (200 mM; pH 8) was added. This reaction mixture was 

stirred at room temperature for 3 hours. The desired product was isolated via reverse-

phase HPLC (Hewlett Packard Zorbax semi-prep 9.4 x 250 mm SB-C18 column; flow 

rate: 2 mL/min; phase A: water + 0.01% TFA; phase B: acetonitrile + 0.01% TFA; 

gradient: 70 min from 99:1 A/B to 1:99 A/B). In subsequent experiments, Hylite Fluor 

647-conjugated pHLIP and K-pHLIP 

(ACEQNPIYWARYAKWLFTTPLLLLKLALLVDADEGTG) was purchased from Anaspec. 

The purity was ≥90% as confirmed by analytical HPLC. 

 



 Animal Studies.  

This study was carried out in strict accordance with the National Advisory Committee for 

laboratory Animal Research (NACLAR) Guidelines (Guidelines on the Care and Use of 

Animals for Scientific Purposes) in facilities licensed by the Agri-Food and Veterinary 

Authority of Singapore (AVA), the regulatory body of the Singapore Animals and Birds 

Act. The protocol was approved by the Institutional Animal Care and Use Committee 

(IACUC), National University of Singapore (Permit Number: IACUC 117/10). 

 Viral infection.  

Eight- to twelve-week old female inbred C57Bl/6 mice were purchased from Biological 

Resource Centre (BRC) and CARE-NUS. All mice were housed in the animal vivarium 

at National University of Singapore (NUS). H1N1 Influenza A/Puerto Rico/8/34 (PR8) 

was propagated in chick embryos and titered with plaque assay. Mice were 

anaesthetized with 75 mg/kg of ketamine and 1 mg/kg of medatomidine were instilled 

intra-tracheally with 30 plaque-forming units (PFU)/75 µl/ mouse of PR8. They are then 

revived with 1mg/kg of antipamezole. Mice were monitored for 12 days for weight loss 

and disease symptoms. 

 Plaque assay of lung homogenates.  

Three uninfected or PR8-infected mice were sacrificed on day 5, day 7 and day 9 post 

infection. The cardiac lobes of mice lungs were frozen and homogenized in 400µl of 

PBS with gentle Macs and centrifuged at 10,000 rpm for 10 min at 4˚C. Cell free lung 

homogenate was used in the plaque assay. The PFU values were normalized against 

total protein (according to the Bradford assay).  



 Peptide administration and tissue collection.  

Mice were injected intra-peritoneally (IP) with 100µM (in 100µl) of fluorescently-labeled 

pHLIP or K-pHLIP on day 1, day 5 and day 10 post-infection. Two days after peptide 

injection, the mice were euthanized. Lungs, heart, spleen, liver and kidneys were 

harvested and fixed in 10% neutral-buffered formalin overnight at 4˚C. Fixed tissues 

were then dehydrated in sequentially higher concentration of ethanol and embedded in 

paraffin.  

 Histology and immunofluorescence.  

Transverse sections (5 µm) were de-waxed and rehydrated. Antigen retrieval was 

performed using proteinase K (20 ug/ml in TE Buffer, pH 8.0) and hot citric acid buffer 

treatment (10 mM Citric Acid, pH 6.0), as needed, depending upon the antibodies. 

Primary antibodies including anti-fibronectin (Sigma Aldrich), anti-Pdpn (R&D systems), 

anti-CCSP (Santa Cruz), anti-Prdx6 (Abcam) and anti-SPC (Santa Cruz). Antibodies 

were incubated overnight at 4˚C. Tissue sections were stained with Alexa Fluor 488- or 

Alexa Fluor 546-conjugated secondary antibodies (Molecular probes, Invitrogen) for 1 h 

at room temperature, washed and mounted with ProLong Gold Antifade with DAPI 

(Invitrogen). Fluorescence images were taken with Carl Zeiss scanning microscope, 

before counter-staining the tissue samples with H&E. 

For wheat germ agglutinin (WGA) staining, tissue sections were dewaxed and 

rehydrated according to usual procedure. After 10 min, at 100oC in hot citric acid buffer 

sections are stained for 1 h at room temperature with WGA-Alexa Fluor 488 (20 µg/ml, 

Molecular Probes, gift from Dr. T. Tan, Singapore-MIT Alliance for Research and 

Technology).  



 In vitro assay.  

Chamber slides were prepared with A549 cells (~5x104), cultured for 24 h, and rinsed twice with 

PBS adjusted to pH 5, 6, 7.4 and 8. Following incubation with 8 µM of 5-FAM-conjugated pHLIP 

in PBS with appropriate pH (30 min, room temperature, in the dark), cells were washed with the 

appropriate pH-adjusted PBS and viewed under a fluorescence microscopeFollowing incubation 

with 8 µM of 5-FAM conjugated pHLIP in PBS with appropriate pH (30 min, room temperature, 

in the dark). cells were washed with the appropriate pH-adjusted PBS and viewed under a 

fluorescence microscope. 

 Feature extraction and pHLIP quantification.  

Infiltrated regions were identified by setting a threshold to segment darker stained 

regions of infiltrated regions from uninfiltrated regions based on images of H&E stained 

whole lung sections (N=3, 2 sections per mouse). Within the infiltrated region, a smaller 

threshold was then applied to demarcate heavily and moderately infiltrated regions. 

Masks of heavily infiltrated, moderately infiltrated, and uninfiltrated regions were 

generated. Details of the quantification algorithm are described in “Imaging-based 

Quantification of infiltration.”  

Moderately infiltrated regions were confirmed at 20-40x magnification by thickening of 

alveolar walls, and presence of infiltration in the alveolar spaces that involves less than 

70% of the total lung parenchyma. These regions were visibly distinguishable from 

heavily infiltrated sites, which are defined as densely stained regions with infiltration 

occupying more than 70% of the lung parenchyma.  



Extent of colocalization of Alexa fluor 647-conjugated pHLIP with uninfiltrated, 

moderately and heavily infiltrated regions was assessed. Total pHLIP was identified by 

thresholding the intensity of each pixel in Alexa fluor 647-conjugated pHLIP containing  

images. Percentage of pHLIP in heavily infiltrated region, moderately infiltrated region 

and uninfiltrated regions are calculated by the ratio of pHLIP within each mask to total 

pHLIP respectively.  

ATI cells were identified by thresholding the intensity of each pixel in tissue sections 

stained with anti-Pdpn. Holes among ATI cells, representing the alveolar spaces, were 

filled to form the mask of healthy areas; damaged areas were segmented by subtracting 

healthy areas from total lung sections. The percentage of pHLIP-positive pixels within 

healthy and damaged regions was computed. Two whole lung sections from each 

mouse (N=3 for uninfected and PR8-infected groups) were used for calculation. 

Similarly, Prdx6 positive regions were identified by thresholding Prdx6 intensity. The 

percentage of total pHLIP-induced pixels was calculated in Prdx6 positive regions and 

Prdx6 negative regions. All image processing and computation algorithms were 

performed with Matlab (The Math Works, Inc., Natick Massachusetts). The codes for the 

algorithms are available on request. 

 Imaging-based quantification of infiltration.  

Ten 5 µm thick transverse lung sections 50 µm apart each other were obtained from 

infected mice given or not given Hylite-Fluor 647 pHLIP. The sections were then stained 

with H&E and quantified for the percentage of lung tissue with severe infiltration or 

consolidation. Original RGB image of H&E stained tissue section was converted to 



grayscale. One intensity threshold was set to exclude large empty spaces, including 

bronchi, trachea and large blood vessels, from total section area to obtain alveolar 

region. Another intensity threshold was set to segment regions of infiltrated lung 

parenchyma that are darkly stained with H&E from uninfiltrated regions that possess 

lightly stained lung parenchyma. The percentage was computed from regions of 

infiltration and total alveolar region. The Matlab algorithm used for this purpose is now 

reported in a manuscript under review. 

 Statistical Analysis.  

Each result is expressed as mean ± SEM (Standard error of mean) unless otherwise 

stated. Statistical analyses were performed by ANOVA or Student's t test. A value of p < 

0.05 is considered to be statistically significant.  

  



Results 

 Infection and inflammation kinetics in PR8-infected mice 

Using an established influenza mouse model, here we explore the potential utility 

of pHLIP as a tool for controlling spatio-temporal delivery of therapeutic or imaging 

agents. C57Bl/6 mice were infected with a sublethal dose of H1N1 PR8. The infection 

kinetics of this model have been previously reported by our group and Kumar et al. 

These studies show that PR8-infected C57Bl/6 experience weight loss from day 4 post 

infection, and continue to lose weight until they reached minimum weights around day 

10 to 11 post infection. This was also the time when maximal lung damage was 

observed. Thereafter, all mice survived and gradually regain pre-infection lung histology 

at day 21 post infection [15, 16].    

In this model, viral titer rises quickly during the first few days, peaking at day five 

post infection (6.2 x104 PFU/mg of protein), thereafter the virus is rapidly reduced on 

day seven post infection (1.3 x104 PFU/mg of protein), with very little evidence of viral 

particles by day nine post infection (Fig 1A). Importantly, inflammation persists even 

after viral clearance. Inflammation in the lung tissue is observed histologically via 

presence of cellular infiltration that can readily be identified by high nuclear density of 

immune cells. There is a gradual increase in the amount of cellular infiltration into the 

lung parenchyma, which leads to condensed alveolar spaces towards the later stage of 

influenza infection. Consolidation of the alveoli is observed around day 11 post infection 

in which the alveolar spaces are densely packed with fluid and immune cells, as can be 

observed in H&E sections (Fig 1B). Since infection and inflammation are causes of 



tissue acidification, we hypothesized that pHLIP could potentially target inflamed lung 

tissue. 

 pHLIP targets influenza-infected lungs 

To test for pHLIP targeting to lung tissue affected by influenza-induced 

pneumonia, we conjugated Alexa Fluor 647 and Hylite Fluor 647 to pHLIP on its non-

inserting N terminus to enable visualization of pHLIP in fresh or fixed tissue. Labeled 

pHLIP was administered on day 10 post infection and organs were harvested two days 

later to allow time for pHLIP to target the inflamed tissue and to clear from other tissues. 

No significant autofluorescence was observed in mice that did not receive pHLIP (Fig 2a 

and 2c), and there was no significant accumulation of pHLIP in the lungs of healthy 

mice (Fig 2b). On the other hand, we observed significant pHLIP-associated 

fluorescence in the lungs of infected mice (Fig 2d). Unconjugated Alexa Fluor 647 dye 

was also administered to mice (N=2) in the same molarity and no significant 

fluorescence can be detected in tissue sections of mice (data not shown).  

 pHLIP colocalizes with region of infiltration 

 

Analysis of H&E stained lung tissue reveals that the severity of inflammation is 

highly variable throughout the lungs [intensity of nuclear staining (dark blue/purple) 

indicates the density of immune cell infiltration], wherein the most densely infiltrated 

regions are considered to be consolidated (Fig 2g and 2h). Hence, we proceeded to 

determine the extent to which the degree of cellular infiltration impacts pHLIP targeting. 

A comparison of the H&E stained tissue and the localization of pHLIP (compare Fig 2d 



and 2h) shows that pHLIP co-localizes specifically to the densely infiltrated regions of 

the lung.  

To quantify the association of pHLIP within regions of low and high infiltration, the 

degree of alveolar infiltration, and the percentage of pHLIP-induced fluorescence in total 

lung area were assessed. Using an in-house automated quantification program, we 

demarcated regions based upon the extent of infiltration by thresholding H&E images of 

whole-lung sections. The method is demonstrated in Figure 3A. Figure 3A has 4 

columns in which the left most column is an image of the original H&E stained lung 

section. The quantification program first identifies heavily and moderately infiltrated 

regions which are traced out by blue lines shown in the second column.  In each region, 

alveoli, bronchi and blood vessels are filled to generate an alveolar area (third column). 

Total pHLIP-induced fluorescence that overlaps with heavily and moderately infiltrated 

regions (right most column) was then quantified.Using an in-house automated 

quantification program, we demarcated regions based upon the extent of infiltration by 

thresholding H&E images of whole lung sections (Fig 3A). Heavily infiltrated and 

moderately infiltrated regions were traced (blue lines in right panels; top and bottom left 

images respectively) and the alveolar, bronchiolar or blood vessels were filled to 

generate masks over these regions (center images). The total pHLIP-induced 

fluorescence found in these regions was quantified (right images). We calculated that 

only about 1% of pHLIP was in uninfiltrated regions, around 13% of pHLIP was in 

moderately infiltrated regions and around 85% of pHLIP was in heavily infiltrated 

regions (Fig 3B). This further confirms that pHLIP preferentially targets regions of 

infiltration. To find out whether pHLIP administration elevates infiltration, we quantified 



the amount of infiltration in the lungs of infected mice as compared to infected mice 

injected with pHLIP. Results show that pHLIP does not increase amount of lung 

infiltration in infected mice lungs (Fig 3C). The data are consistent with our hypothesis 

that pHLIP targets inflamed tissues, which are likely to be acidified [4, 5].  

Given the transient nature of severe inflammation, it seemed likely that the timing 

of pHLIP delivery would impact the extent of pHLIP targeting. We therefore asked 

whether pHLIP targets lung tissue at earlier times post infection by injecting pHLIP at 1 

day and 5 days post infection (Fig S1A). Results show that pHLIP did not target the 

lungs of infected mice when administered one day post infection, and could be found in 

only one out of three mice if given five days post infection (Fig S1B). Our group 

previously reported PR8 infection of bronchiolar and alveolar epithelial cells during the 

early stages of infection and disappearance of influenza antigens by day 9 post infection 

[15]. Interestingly, immune cell infiltration was reduced in the lung parenchyma when 

viral infection was apparent. The lack of pHLIP in tissue during the window of virus 

replication suggests the infection alone does not facilitate entry of pHLIP into the lung 

tissue. Cellular inflammation may therefore be important in generating a 

microenvironment that enables pHLIP targeting of damaged lung tissue. 

 Subcellular location of pHLIP 

Previous studies have shown that pHLIP inserts into membranes in a pH 

dependent fashion [17, 18]. Here, we tested the ability of pHLIP to specifically bind to 

human lung adenocarcinoma cells. As shown in Fig 4A, pHLIP indeed binds to the 

surface of the A549 cells in a pH dependent fashion. Consistent with these 

observations, pHLIP also bound to Raji cells (a B lymphoma cell line) at low pH (data 



not shown). To explore the possibility that pHLIP is extracellular in vivo, we visualized 

fibronectin, a protein present in inflamed lung tissue within the extracellular matrix 

(ECM). Interestingly, some pHLIP can also be found in the same regions of polymerized 

fibronectin (Fig 4B). This result shows that pHLIP is indeed extracellular, and suggests 

that pHLIP may be on the surface of cells and also within the ECM, possibly as a result 

of entrapment. 

 To more specifically visualize cell membranes, we stained infected lungs for 

membrane glycoproteins using wheat germ agglutinin (WGA), which is pseudocolored 

green in Fig 4C. In the heavily infiltrated regions, some pHLIP is found sandwiched in 

between WGA, colocalized with WGA or at the boundaries of DAPI stains, suggesting 

close proximity to the cell membranes. Although it is difficult to discern specific binding 

of pHLIP at cell membranes, fluorophores conjugated to pHLIP that are singly inserted 

into cell membranes are not likely to be easily detected by epifluorescent or confocal 

microscopy.  Given that pHLIP inserts into cell membranes at low pH, it is likely that 

pHLIP is also inserted into cell membranes at the sites of infiltration.  

 pHLIP colocalizes with damaged lung tissue 

The alveolar spaces within the lungs are populated with pneumocytes that are 

required for gaseous exchange. We investigated the association of pHLIP with two 

pneumocytes: alveolar type I (ATI) and alveolar type II (ATII). Each cell type can be 

visualized via secondary staining of antibodies for cell type-specific markers: podaplanin 

(Pdpn) for ATI cells and C-terminus of surfactant protein C (SPC) for ATII cells. Fig 5A 

shows that, in influenza-infected lungs, ATI and ATII are prominently present throughout 

the alveolar parenchyma (stained yellow and green, respectively) in healthy portions of 



the lung. In contrast, pHLIP is clearly concentrated in regions of severe infiltration that 

are largely devoid of Pdpn-positive ATI and SPC-positive ATII cells (darker regions).  

Narasaraju et al. described that the loss of continuity in Pdpn (also known as T1-

α) immunostaining in mouse lung parenchyma is an indication of type I pneumocyte 

damage [19]. Using a program that we designed to enable quantification of staining 

intensity and extent of overlay (see methods), the percent of pHLIP-derived pixels in 

Pdpn-positive and Pdpn-negative areas were quantified. While 84% of pHLIP coincides 

with Pdpn-negative areas, only 16% of pHLIP is found in Pdpn-positive areas (Fig 5B). 

Fig 5C demonstrates the method of quantification. It shows that uninfected lung (top 

panel) is entirely stained Pdpn positive (Pdpn+ area, column 3) and pHLIP is not 

detected in the uninfected lung (Total pHLIP, columns 2). In infected mouse lungs 

(bottom panel), pHLIP (Total pHLIP, column 2) does not greatly overlap with the Pdpn 

positive regions (Pdpn+ area, column 3); the extent of overlap is shown in column 4. 

However, a substantial amount of pHLIP coincides with Pdpn negative areas (Pdpn- 

area, column 5). The extent of overlap is shown in Fig 5 column 6. Severe pulmonary 

inflammation has been attributed to be a cause of pneumocyte death under several 

conditions [20-23]. Therefore, pHLIP predominantly targets lung parenchyma where 

there is damage to epithelial pneumocytes, and where pulmonary function is 

compromised. 

 pHLIP targets lung parenchyma with diminished Prdx6 expression 

Besides gaseous exchange, pneumocytes produce several critical antioxidants to 

protect themselves against oxidative stress, including peroxiredoxin 6 (Prdx6), a 

bifunctional Glutathione (GSH) peroxidase that reduces  hydrogen peroxides and lipid 



hydroperoxides by utilizing GSH [24]. In previous studies, we showed that there is a 

transient induction of Prdx6 in ATI cells in response to infiltration, but complete 

disappearance of Prdx6 in consolidated alveoli possibly due to depletion of ATI cells 

[15]. We therefore investigated Prdx6 distribution in these studies by using fluorescent 

antibodies to assess the distribution of Prdx6 relative to the location of pHLIP. Prdx6 

has been shown to confer significant protection against oxidative stress-induced lung 

injuries [25, 26]. Consistent with previous report, while Prdx6 is predominantly 

expressed in bronchiolar epithelial cells of uninfected mice (Fig 6A a, d, g, j), its 

expression is induced in alveolar epithelium of moderately infiltrated lungs where only 

sparsely distributed pHLIP can be found at regions neighboring heavily infiltrated sites 

(Fig 6A b, e, h, k). However, Prdx6 expression is severely diminished in the alveoli of 

heavily infiltrated/inflamed lungs (Fig 6A c, i, l). Remarkably, when pHLIP is injected in 

infected mice, it specifically targets regions of the lung that are deficient in Prdx6 (i.e. 

heavily infiltrated regions) (Fig 6A c, f, i, l). Indeed, around 90% of pHLIP-induced 

fluorescence resides in Prdx6-negative regions, whereas only approximately 10% of the 

remaining pHLIP-induced fluorescence can be found in Prdx6-positive regions (Fig 6B). 

The method of quantification is briefly demonstrated in Fig 6C, where the total Prdx6-

positive area (Total Prdx6+ area, column 2) is identified based on anti-Prdx6 staining 

(Fluorescence, column 1). The percentage of pHLIP that overlaps with Prdx6-positive 

area (Prdx6+ pHLIP, columns 3 & 4) and Prdx6-negative area (Prdx6- pHLIP, columns 

5 & 6) are then computed. These data show that pHLIP is abundant precisely where 

Prdx6 is deficient, suggesting opportunities for therapeutic targeting using conjugates of 



pHLIP with agents that principally compensate for loss of antioxidant protection in 

inflamed regions of the lung.  

 A pH-insensitive pHLIP variant targets damaged lung tissue of influenza 

infected mice 

Previous studies have shown that by changing two aspartates to lysines within 

the pHLIP sequence, the pH-dependent protonation is eliminated, rendering the peptide 

incapable of secondary conformation change and pH-dependent insertion into the lipid 

bilayer [3]. This variant sequence, termed K-pHLIP, was labeled with Hylite Fluor 647 

and injected into influenza-infected mice, analogously to the pHLIP peptide. K-pHLIP 

cannot be protonated and thus is unresponsive to acidic pH. Indeed, unlike pHLIP, K-

pHLIP does not have any significant affinity for the acidic kidney cortex (Fig S2A). 

Interestingly, we observed that the K-pHLIP retained at least some of its ability to target 

inflamed regions of the lung (Fig S2B). These data suggest the possibility that pHLIP 

may target damaged lung tissue due to a pH-dependent conformational change and/or 

via another mechanism that is pH-independent. Additional mechanisms of action may 

add to the robustness of pHLIP as an agent for targeting damaged lung tissue during 

influenza.



Discussion  

Influenza-induced pneumonia is a rare, but serious pulmonary manifestation of 

the viral infection that is recognizable by multifocal radiographic consolidation indicating 

signs of cell infiltration [27]. Statistics show that patients suffering from pneumonia 

during 2009 H1N1 pandemic were more likely to admit into intensive care unit, suffer 

from acute respiratory distress syndromes (ARDS), experience sepsis and to suffer 

morbidity [12]. Since a general consequence of infection and inflammation is 

acidification of tissue, the application of the pHLIP peptide may enable specific targeting 

of imaging and therapeutic agents to inflamed foci of the lungs during severe influenza 

infections. Our objective of this study is to explore the potential utility of pHLIP in 

applications related to infectious diseases. Here, we report the distribution of pHLIP in 

influenza-infected mouse, thus revealing its potential usage as a bioimaging tool or drug 

delivery agent for severe influenza infections.  

Our data demonstrate that pHLIP specifically directed fluorophores to damaged 

lung parenchyma, characterized by heavy immune cell infiltration. pHLIP targeted 

regions are also characterized by compromised alveoli architecture and severe 

depletion of a key lung antioxidant, Prdx6. The ability of pHLIP to specifically target 

inflamed and damaged lung tissue creates an opportunity for the delivery of 

pharmaceutical compounds aimed at ameliorating lung injury at the affected tissue.  

A careful examination of multiple tissues showed that, consistent with previous 

studies, pHLIP also targets the kidneys (data not shown). Relatively little pHLIP was 

observed in other tissues as has been previously described. Development of pHLIP-

conjugates will therefore need to take into consideration possible side effects in the 



kidneys, although sodium bicarbonate can be added to the diet to increase the pH of the 

organs, thus reducing non-specific delivery [3]. 

A key finding of this study is that pHLIP specifically targets heavily infiltrated 

regions of influenza-infected mouse lungs. In addition, while pHLIP is appreciably 

detectable in the lungs during later stage of infection, it does not target infected lungs as 

effectively during earlier time points. This suggests that cellular or molecular events that 

take place during the later stage of PR8 infection create a microenvironment conducive 

for pHLIP targeting.  

  Local acidosis has been found to arise from the production of lactic acid by 

metabolically active polymorphonuclear cells (PMNs) [28], pHLIP targeting at the later 

stage of infection may be a result of lactic acid accumulation due to highly active, 

densely packed immune cells. Additionally, during the later stage of infection 

predominated by activation of the adaptive host responses, activated and proliferating T 

lymphocytes undergo aerobic glycolysis to meet the demand of their rapid energy 

consumption, thus creating a microenvironment with increased lactate [29]. This 

evidence is consistent with the specific targeting of pHLIP to inflamed regions of the 

lungs.  

It is also possible that in addition to pH dependent insertion, there are additional 

mechanisms for pHLIP localization in infected mouse lungs. The observation that the K-

pHLIP variant can target sites of inflammation during influenza suggests that these 

peptides share an attribute that allows for targeting in a pH-independent fashion. 

Studies of mice implanted with tumors show that unlike pHLIP, K-pHLIP does not target 



acidic tumors, and has appreciably less distribution in the kidneys, liver, blood and 

spleen. However, similar distribution was observed in the lung possibly because the 

lung is a highly vascularized organ that has better retention of K-pHLIP [30]. 

Additionally, K-pHLIP is thought to have a partial α-helical structure, even at normal pH 

[3], and it may also form aggregates with the ability to penetrate leaky vasculature 

associated with inflammation.  K-pHLIP might therefore become trapped in the complex 

milieu of the inflamed lung matrix, in a phenomenon known as the enhanced 

permeability and retention (EPR) effect. Regardless of the underlying mechanisms that 

underlie its activities, it is clear that pHLIP is highly effective in targeted sites of 

influenza-induced inflammation.  

Potential clinical application 

The selection of therapeutic agents based on the biodistribution profile of pHLIP 

is critical in the success of pHLIP-based drug delivery system. Localization of pHLIP 

specifically at regions where healthy pneumocytes are already depleted suggests that it 

may be too late for treatments that prevent inflammation-induced injury to lung epithelial 

cells. However, at this stage, the recovery of lung epithelial cells is highly critical in the 

survival of influenza patients. In fact, there is a growing interest in stem cell therapies or 

growth factors that can be exploited to facilitate regeneration of damaged lungs [16, 31, 

32]. Ultimately, both traditional and novel therapeutics might be more effective when 

delivered with pHLIP-potentiated targeting.  

The observation of pHLIP targeting Prdx6 depleted regions raises a possibility of 

using pHLIP to delivery agents that specifically compensate for redox imbalance caused 



by Prdx6 depletion. Prdx6 has been reported to be the most critical enzyme for reducing 

oxidized phospholipids in the lungs [33]. Not only are oxidized phospholipids highly 

reactive and capable of propagating reactive oxygen species, they have also shown to 

mediate acute lung injury (ALI) [34] and may be involved in inducing T-cells to break 

tolerance towards self-protein [35]. Hence, a possible future direction is to develop 

pHLIP-Prdx6 conjugates to protect and restore lung tissue during influenza.  

When considering factors that might impact the efficacy of pHLIP-Prdx6 

conjugates, the impact of pH on Prdx6 needs to be taken into consideration.  The GSH 

peroxidase (antioxidant) activity of Prdx6 functions maximally at physiological pH and is 

reduced at low pH. On the other hand, its phospholipase A2 activity is maximal at pH 4 

microenvironments, which can be found in highly acidic intracellular compartments such 

as lysosomes and endosomes [42]. Given that extremely low pH is unlikely to be 

present in the interstitium of lung tissue, one potential strategy to deliver antioxidant 

activity of Prdx6 but exclude phospholipase A2 activity is to mutate a catalytic triad 

which is necessary for phospholipase A2 activities [43]. Furthermore, in addition to 

Prdx6, there are numerous additional candidate antioxidants that can be delivered to 

sites of Prdx6 deficiency in order to reduce oxidative stress in influenza patients. pHLIP 

provides a potential vehicle for achieving this aim. 

Drawing from observations of H1N1 pandemic and H5N1 avian flu patients, a 

significant portion of critically ill patients with viral pneumonia never recovered despite 

intensive care. Autopsies show that diffuse alveolar damage, intra-alveolar edema and 

cellular infiltration are some of the major histopathological findings [2, 36-40], which are 

consistent with the findings in this study. Excessive infiltration of immune cells and injury 



to the lung parenchyma can compromise gaseous exchange by reducing lung volume 

and compliance [41]. The observation that pHLIP preferentially targets infiltrated sites 

suggests that conjugates that combine pHLIP with anti-inflammatory agents could be  

exploited to suppress oxidative stress at sites of infiltration. Importantly, targeted 

delivery would also reduce exposure of normal healthy portions of the lung to 

therapeutic agents. Given that antiinflammatory agents can be deleterious in healthy 

portions of the lung where they supress antiviral responsesand cause side effects, 

targeting is thus advantageous both because it can increase the local concentration of 

therapeutic agents at sites where they are needed, while at the same time preventing 

disruption of normal pulmonary physiology in healthy portions of the lung. 

  



Conclusion  

This study delineates the distribution of a pH-sensitive peptide, pHLIP, in a 

severe influenza infection model, and sets the foundation for selecting candidate agents 

that can be conjugated to pHLIP for therapeutic purposes.  Future pandemics are 

inevitable. While development of new vaccines and antivirals is key, it is also important 

to develop alternative approaches, such as targeted drug delivery, which shows 

promise as a means to offset morbidity and mortality rates.  

Executive summary 

 Fluorescently-labelled pHLIP targets influenza-infected mouse lungs at sites of  

dense cellular infiltration present during the later stages of infection (85% of 

pHLIP colocalizes to sites of dense infiltration). 

 pHLIP is detectable in close proximity to glycoproteins found on cell membranes, 

which suggests that pHLIP is associated with the plasma membrane.  

 Approxmately 84% of fluorescently-labelled pHLIP coloclizes with tissues devoid 

of Pdpn-expressing ATI cells, whereas only ~16% of pHLIP is located in healthy 

lung tissues with Pdpn-expressing ATI cells. 

 Lung tissue targeted by pHLIP has diminished Prdx6 levels, which is consistent 

with the depletion of ATI cells that normally express Prdx6.  

 A pHLIP variant, known as K-pHLIP, which is mutated by two amino acids to 

render it insensitive to low pH, also localizes to inflamed lung tissue, suggesting 

the possibility that more than one mechanism underlies the efficacy of pHLIP 

targeting. 



 The ability of pHLIP to effectively target inflamed regions of the lung that are 

deficient in antioxidants opens new therapeutic angles, including targeted 

delivery of antioxidants and agents that promote tissue regeneration. 
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Figure Legends 

 

 

Fig 1. A) Quantification of viral plaques from lung homogenate. Plaque forming units 

(PFU) are normalized to mg protein in the lung homogenates (measured by Bradford 

assay) and represented as PFU ± SD. B) Prolonged inflammation in the lungs of PR8 

infected mice. Representative H&E diagrams show (a) normal alveolar structure in 

uninfected mouse lung, (b) thickening of alveolar walls with infiltration of immune cells 

on 5 dpi and (c) severe lung infiltration and disrupted alveolar structures on 11 dpi, after 

virus has been cleared (n = 3). Scale bar = 200µm. dpi = days post infection. 



 

Fig 2. pHLIP targets infected but not uninfected mouse lungs. Representative whole 

lung images from three independent experiments (n ≥ 4). pHLIP was administered to 

PR8-infected mice on day 10 post infection. Top: DAPI (blue) and pHLIP (red). (b, d) On 

12 dpi, pHLIP can only be detected in infected lungs. (a, c) Control lungs from 

uninfected and infected mice. Bottom: H&E staining of the same samples. Darkened 

areas indicate regions of immune cell infiltration and inflammation.  

 

 

 

 

 

 



 

Fig 3. A) Method of quantification for pHLIP in different regions of the lungs. Original 

H&E images (left column) were segmented to distinguish heavily infiltrated and 

moderately infiltrated regions, which are traced in blue lines in the second column. 

Alveoli, bronchi and blood vessels were filled to generate an alveolar area as shown in 

the third column. The total amount of pHLIP-induced fluorescence that overlaps with 

these alveolar areas (as shown in right column) was then quantified. Original H&E 

images (left most) were segmented to distinguish heavily infiltrated and moderately 

infiltrated regions which are traced out in blue lines (right panels; left most images on 

the top and bottom respectively). Alveolar, bronchiolar or blood vessels were filled to 

generate masks over these regions (right panels; center images). Total amount of 

pHLIP-induced fluorescence found in these regions were then quantified in overlapping 

fluorescence images of the same tissue sections (right panels; right images). B) pHLIP 



most preferentially targets heavily infiltrated regions. Only 1.4 ± 0.7 % of total pHLIP 

was found in uninfiltrated regions, while 13.7 ± 2.9% of pHLIP was found in moderately 

infiltrated regions and 84.9 ± 2.7% of pHLIP was found in heavily infiltrated regions. 

Percentage of pHLIP in different regions were calculated using two lung sections per 

mouse (n = 3). Bars indicate SEM. **p< 0.01 (Student’s t-test). C) pHLIP injection does 

not affect the degree of infiltration into mice lungs. Ten 5 µm thick lung sections at least 

50 µm apart were obtained from infected mice injected or not injected with Hylite-Fluor 

647 pHLIP. They were stained with H&E and the percentage of heavily infiltrated tissue 

are quantified (n=5). Data show that there is no significant difference between 

percentages of infiltration between these two groups. 

  



 

Fig 4  A) pHLIP preferentially binds cell membrane at acidic pH in vitro. A549 cells were 

incubated with 8µM of 5-FAM conjugated pHLIP under different pH conditions. 5-FAM 

conjugated pHLIP binds cell membrane of A549 cells at acidic pH of pH 5 and pH 6, but 

not at alkaline pH of pH 7.4 and pH8. B) Fibrillar fibronectin (green) delineates 

extracellular space where some pHLIP (red) can be found (60x magnification). C) pHLIP 

is in close proximity to WGA-stained cell membrane glycoprotein (100x magnification). 

WGA stains the cell membrane (green) of influenza-infected mice lungs. In the heavily 

infiltrated regions, thin streaks of pHLIP (red) run around the perimeter of cells and are 



sandwiched by or colocalize with WGA-staining suggesting close proximity to the cell 

membrane.  

  



 

 

 

Fig 5. A) pHLIP targets damaged lung tissue devoid of normal ATII and ATI cells. 

Representative images of lungs sections stained with anti-SPC and anti-Pdpn. pHLIP 

(red) does not colocalize with SPC-positive ATII (green) or Pdpn-positive ATI cells 

(yellow). B) pHLIP is mostly observed in regions devoid of Pdpn-positive ATI. The 

percentages of pHLIP-positive pixels in Pdpn-positive (Pdpn+) and Pdpn-negative 

(Pdpn-) regions were calculated using two lung sections per mouse (n = 3). There are 

significantly more pHLIP-induced pixels in Pdpn-negative regions (84.1 ± 2.7%) as 

compared to Pdpn-positive regions (15.9 ± 2.7%) of PR8-infected mice. Bars indicate 



SEM. **p< 0.01 (Student’s t-test). C) Coincidence of pHLIP positive regions and Pdpn+ 

and Pdpn- regions. Total area of lung sections (column 1) according to DAPI staining 

(column 0). Pdpn+ area (column 3) and Pdpn-negative areas (column 5) were imaged 

and quantified according to Pdpn immunohistochemistry. Total pHLIP staining is shown 

in column 2 and pHLIP staining that coincides with Pdpn+ or Pdpn- regions are shown 

in columns 4 and 6 respectively. 

 

Fig 6. A) pHLIP localizes at lung tissue depleted of Prdx6. (a, g, j) Prdx6 (green) is 

expressed at baseline level in the alveolar epithelium of uninfected-mouse lungs. (d) No 

pHLIP was found in the uninfected lung tissue. (b, h, k) Prdx6 is elevated in moderately 

infiltrated tissue of infected mouse lungs, (e, k) where (e, k)  sparsely distributed pHLIP 

can only be found at sites immediately neighbouring heavily infiltrated tissue. (c, f, i, l) 



pHLIP mainly targets inflamed sites with diminished Prdx6 expression both in the 

alveolar and the bronchiolar epithelial cells. Scale bar = 100 µm. B) The percentages of 

pHLIP fluorescence in Prdx6-positive (Prdx6+) and Prdx6-negative (Prdx6-) regions are 

calculated with two immunofluorescently-labeled lung sections per mouse (n = 3). 

pHLIP-induced pixels are almost exclusively found in Prdx6- regions (89.7 ± 3.3%). 

Significantly less pHLIP can be detected in Prdx6+ regions (10.3 ± 3.3%) of PR8-

infected mice. Bars are shown as mean± SEM. ** p<0.01 for percent of pHLIP-induced 

fluorescence in Prdx6+ lung tissue as compared to Prdx6- lung tissue in PR8-infected 

mice. C) Coincidence of pHLIP fluorescence with regions of Prdx6 immunofluorescence 

was identified.  Fluorescence image of whole lung section stained with anti-Prdx6 

(column 1) was quantified by separating Prdx6 (green) and pHLIP (red) channels. 

Prdx6+ regions are identified (column 2) and percentages of pHLIP residing in Prdx6+ 

(column 3) and prdx6- (column 4) regions were quantified.  

  



Supplementary figures 

 

Suppl. Figure 1) pHLIP localized in inflamed site of infected-mouse lungs during later 

stage of infection but not during the early stage of infections. A) Timeline indicating 

times for pHLIP administration B) (a, b, d, e) pHLIP is not detected when administered 

day 1 post infection (D1) but was observed in 1 out of 3 mice when administered on day 

5 post infection (D5). (c, f) pHLIP fluorescence can be consistently detected in infected 

lungs when injected on day 10 post infection (D10).  

 

 



 

Suppl. Figure 2A) K-pHLIP has very little affinity for the acidic cortex of kidneys (left), 

whereas pHLIP readily targets the kidney (right). Scale bar = 50 µm. B) K-pHLIP targets 

damaged lung tissue. Similar to pHLIP, Hylite fluor 647-conjugated K-pHLIP does not 

target uninfected mouse lungs (a, b, f, g) but localizes at heavily infiltrated regions of 

infected mouse lungs (c, d, h, i). Mice that did not receive any peptides served as 

negative controls (e, j) (n ≥ 4).  
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