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[Abstract] Asthma is a global problem that affects millions of individuals. An increased risk of respiratory 

viral and bacterial infections is one of the complications of asthma. We recently reported that mice with 

ovalbumin-induced allergic airway disease (AAD) are protected against influenza-Streptococcus 

pneumoniae co-infection. Here, we describe in detail a protocol on how to induce AAD and influenza-S. 

pneumoniae co-infection in mice and to evaluate the specific roles of asthma on immunity to viral and 

bacterial pathogens in the hope of translating findings to benefit asthmatic individuals. 

Keywords: Asthma, Allergic airway disease, Influenza, Streptococcus pneumoniae, Co-infection 

 

[Background] The global prevalence of individuals with asthma is increasing, with 300 million presently 

suffering and an additional 100 million new incidences predicted by 2025 (Nunes et al., 2017). Because 

of the altered immune system, asthmatic individuals are believed to have an increased risk of 

susceptibility to influenza infection. Seasonal and pandemic influenza infection can result in concurrent 

bacterial infection which can lead to airway respiratory distress syndrome, a potentially life-threatening 

condition (Gilca et al., 2011). Whether or not asthmatics are more susceptible and have reduced 

protective anti-influenza immune responses, is controversial. During the recent 2009 H1N1 pandemic, 

asthmatics were more likely to be hospitalized due to influenza. However, clinical data also suggest that 

asthmatics were less likely to die or require ICU admission than those without asthma. The majority of 

deaths during influenza pandemics are not caused by the viral infection per se, but instead, are due to 

complications from secondary bacterial infections (Morens et al., 2008; MacIntyre et al., 2018). We 

previously reported that mice with AAD are resistant to a single infection with influenza virus or S. 

pneumoniae (Furuya et al., 2015; Sanfilippo et al., 2015). However, there was no murine model that 

addressed the influence of allergic airway disease (AAD) on immunity to influenza virus and bacterial 

co-infection. Thus, we have developed a triple challenge model in mice to test the hypothesis that 

asthmatics are protected from severe influenza because they are less likely to develop severe 

secondary bacterial pneumonia (Roberts et al., 2019). 
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Materials and Reagents 
 

1. 1.5 ml conical tubes (Fisher Scientific, catalog number: 05-408-129), autoclaved 

2. 50 ml tubes (Corning, catalog number: 352070) 

3. 1 ml TB syringes with 25 G needle (BD, catalog number: 309626) 

4. 1.2 ml cryovial (Corning, catalog number: 430487) 

5. Pipette tips 

1,000 μl (VWR, catalog number: 16466-008) 

100 μl (VWR, catalog number: 53510-070) 

10 μl (VWR, catalog number: 89368-974) 

6. Glass coverslips (Corning, catalog number: 2975245) 

7. Adult 6- to 8-week-old BALB/c mice (Charles Rivers Bioscience or preferred vendor) 

8. Bacterial stock: S. pneumoniae serotype 3 strain can be obtained from American Tissue Culture 

Collection (ATCC) (ATCC, catalog number: ATCC® 6303) or S. pneumoniae serotype 2 strain 

D39 can be obtained from the National Center for Tissue Collection (National Center for Tissue 

Collection, catalog number: NCTC 7466) 

9. Influenza A virus (H1N1) can be obtained from ATCC: PR8 (ATCC, catalog number: ATCC VR-

1469) or the 2009 pandemic virus (ATCC, catalog number: ATCC VR-1894)  

10. Albumin from chicken egg white (Sigma, catalog number: A2512) 

11. Blood agar plates (Fisher Scientific, catalog number: R01623) 

12. Aluminum hydroxide/Rehydragel (Fisher scientific, catalog number: NC1105454) 

13. 1x Phosphate Buffered Saline (PBS) (Fisher Scientific, catalog number: 20-012-027) 

14. House dust mite (HDM) extract, lyophilized Dermatophagoides pteronyssinus (Stallergenes-

Greer, item# B85) 

15. Todd Hewitt broth (BD, catalog number: 249240) 

16. Glycerol (MilliporeSigma, catalog number: G7893) 

17. 2 mg/ml ovalbumin (OVA) solution (see Recipes) 

18. 1 mg/ml HDM stock solution (see Recipes) 

19. S. pneumoniae bacterial stock (see Recipes) 

 

Equipment 
 

1. 250 ml beaker (Corning, catalog number: 1003250) 

2. 1-L flask (Corning, catalog number: 4980-1L) 

3. Stir bar (Fisher scientific, catalog number: 14-513-51) 

4. E-Z Anesthesia system (Euthanex Corp) 

5. ABSL-2 biosafety cabinet 

6. Pipette set (P20, P200, P1000) (Gilson, catalog number: F167300) 

7. Isoflurane liquid inhalation (Henry Schein, catalog number: 1182097) 
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8. Centrifuge (Eppendorf, model: 5810R) 

9. Microscope (Olympus, model: BX60) 

10. Microbiological Incubator (New Brunswick Scientific, Excella E24 incubator shaker series) 

11. Dissection instruments 

Forceps (Roboz surgical, catalog number: RS-8120) 

Scissors (Roboz surgical, catalog number: RS-6808) 

12. -80 °C freezer 

 

Procedure 
 

A. Induction of ovalbumin (OVA)-induced AAD 

1. Prepare a stock solution of OVA at 2 mg/ml in PBS (Recipe 1). 

2. Thaw a vial of OVA stock solution and prepare OVA/Alum cocktail (100 µl of cocktail needed per 

mouse). This mixture contains 10 µg of OVA and 4 mg of Alum per 100 µl inoculum. 

OVA/Alum cocktail: 

70% 1x PBS 

25% Aluminum hydroxide  

5% OVA (2 mg/ml) 

3. Transfer OVA/Alum cocktail into a 1 ml syringe and intraperitoneally (i.p.) inject 100 µl into each 

mouse on days -18 and -11 (see Figure 1 and Table 1). A fresh OVA/Alum cocktail should be 

made for each day. 

 

 
Figure 1. The ovalbumin (OVA)-induced AAD-influenza H1N1 virus–S. pneumoniae triple 
challenge model. The schematic diagram of OVA-induced AAD and influenza–S. pneumoniae 

co-infection in mice. The triple challenge model consists of treating mice intraperitoneally (i.p.) 

with OVA in Aluminum hydroxide (OVA/Alum) and challenging them intranasally (i.n.) with OVA 

followed by infection with influenza virus, Streptococcus pneumoniae (S. pneumoniae), and/or 

phosphate-buffered saline (PBS). 
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Table 1. Experimental layout 

Group/treatment OVA Influenza virus S. pneumoniae Number of mice 

1: PBS control PBS PBS PBS 5-8 

2: AAD only OVA PBS PBS 5-8 

3: AAD virus only OVA virus PBS 5-8 

4: AAD Bacteria only OVA PBS Bacteria 5-8 

5: AAD co-infection OVA Virus Bacteria 5-8 

 

4. On day -4, thaw a vial of OVA stock solution (2 mg/ml in PBS). 

5. Place the anesthesia chamber in the biosafety cabinet and “pre-charge” the anesthesia 

chamber with 3% isoflurane by following the manufacturer’s instructions. 

6. Place mice into the anesthesia chamber; mice are ready once their breathing has slowed. This 

usually occurs after 1-2 min in the chamber. 

7. Pick up an anesthetized mouse with one hand by grabbing the dorsal skin and positioning the 

mouse upright and facing you–please see Video 1 in Tibbitt and Coquet (2016). 

8. With the other hand, pipette 50 µl (100 µg) of the OVA stock into the nostril. Continue to hold 

the mouse upright for a few seconds to allow the inoculum to be completely taken up; heavy 

breathing indicates that the inoculum has reached the lungs. 

9. Repeat the intranasal (i.n.) OVA inoculation for 5 consecutive days. Excess OVA can be stored 

at -20 °C but discarded after 2-3 freeze-thaw cycles. Successful induction of AAD in mice can 

be confirmed by measuring allergic airway associated cytokines (interleukin (IL)-5 and IL-13), 

OVA-specific anti-IgE antibody concentrations by enzyme-linked immunosorbent assay (ELISA), 

cellular infiltration into the lung by flow cytometry, lung damage/inflammation by histology, and/or 

airway responsiveness to methacholine (as described in Roberts et al., 2019), our original 

paper). 

 

Alternative approach: House-dust mite (HDM)-induced AAD 
We have used HDM as an alternative allergen to OVA and observed comparable results (Roberts 

et al., 2019). Mice are intranasally challenged with HDM for three consecutive days per week for 

three weeks before the influenza virus and subsequent bacterial infection (Figure 2): 

 

 
Figure 2. House-dust mite (HDM)-induced AAD and influenza-S. pneumoniae coinfection. 
Schematic diagram of HDM-induced AAD and subsequent influenza–S. pneumoniae 
coinfection 
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1. Prepare a stock solution of HDM at 1 mg/ml in PBS (Recipe 2). 

2. On day -16, thaw a vial of stock solution of HDM (1 mg/ml in PBS). 

3. Place the anesthesia chamber in the biosafety cabinet and “pre-charge” the anesthesia 

chamber with isoflurane by following the manufacturer’s instructions. 

4. Pipette 50 µl (100 µg) of the HDM solution into the nostril of each mouse. Continue to hold 

mouse upright for a few seconds to allow the inoculum to be completely taken up. Excess HDM 

can be stored at -20 ℃ but discarded after 2-3 freeze-thaw cycles. 

5. Repeat HDM inoculation on subsequent days as outlined above. 

 

B. Influenza H1N1 virus and S. pneumoniae coinfection of AAD mice 
Note: We produced a lab stock of influenza H1N1 A/California/4/2009 (CA04) and A/PR8/34 (PR8) 

in chicken eggs. See protocol for growing viruses (Cottey et al., 2001; Zhao et al., 2018) or purchase 

from vendors. 

 

Influenza H1N1 virus challenge 
1. On day 7 following the last OVA or HDM treatment, working in an ABSL-2 cabinet, dilute the 

influenza H1N1 virus stock to 200 plaque-forming units (PFU) per ml in sterile 1x PBS (Final 

dose: 10 PFU in 50 µl inoculum per mouse) and store on ice. 

2. Place the anesthesia chamber into the biosafety cabinet and pre-charge the anesthesia 

chamber with isoflurane by following the manufacturer’s instructions. 

3. Pipette 50 µl of the diluted influenza virus into the nostril of each mouse. Continue to hold the 

mouse upright for a few seconds to allow the inoculum to be completely taken up. 

4. Weigh mice individually or as a group either before or after influenza infection. 

5. Weigh daily until mice start to recover their weight. 

Note: Sub-lethally infected mice will start losing weight around day 3 and will begin to recover 

on days 6-9. On average, mice typically lose about 10% of their starting weight with a low-dose 

influenza challenge. 

 

Secondary S. pneumoniae challenge 
1. On day 8 after influenza virus infection, in an ABSL-2 cabinet, thaw a vial of frozen S. 

pneumoniae stock (Recipe 3) and serially dilute it in 1.5 ml conical tubes to a sublethal dose in 

sterile 1x PBS and store on ice. 

a. For our stock of S. pneumoniae type 3 A66.1 strain, 100-500 colony forming units (CFU) is 

a sublethal dose for non-influenza-infected mice and is 90-100% lethal for influenza-infected 

mice. 

b. For our stock of serotype 2 D39 strain, 1 x 105 CFU is lethal for influenza-infected mice but 

sublethal for non-influenza-infected mice. 

2. To quantify the initial bacterial input, pipette 100 µl of the bacteria from the serially diluted tubes 

onto blood agar plates (aiming for 100-300 CFU per plate) and store in a 37 °C incubator 
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overnight–count the number of CFU on the plates the following day to determine the actual 

infectious dose. 

3. Anesthetize mice using isoflurane, as described above. 

4. Infect mice with bacteria by pipetting 50 µl into the nostril. 

5. Monitor mice for survival or sacrifice and harvest bronchoalveolar lavage fluid and/or lungs to 

analyze cellularity, cytokine production, and/or histology for lung architecture. 

Note: Non-AAD influenza–S. pneumoniae-infected mice will succumb to infection day 1-3 after 

bacterial challenge. We typically monitor survival or harvest bronchoalveolar lavage fluid and/or lung 

tissue for analysis on day 16 (day 1 post S. pneumoniae infection) to assess bacterial burden, 

cytokine expression, lung damage, and/or cell infiltration (as described in Roberts et al., 2019, our 

original paper). 

 

Recipes 
 

1. 2 mg/ml OVA solution 

a. In a 250 ml beaker, add 200 mg of the OVA (Albumin from chicken egg) and bring the volume 

up to 100 ml with 1x PBS 

b. Place a stir bar into the mixture and stir for 10 min at room temperature 

c. Aliquot 1 ml into 1.5 ml conical tubes and store at -20 °C 

2. 1 mg/ml HDM stock solution 

a. In a 250 ml beaker, add 100 mg of lyophilized HDM extract and bring the volume up to   

100 ml with 1x PBS 

b. Place a stir bar into the mixture and stir for 10 min at room temperature 

c. Aliquot 1 ml into 1.5 ml conical tubes and store at -20 °C 

Note: Gently swirl solution during aliquoting to prevent HDM from settling. 

3. S. pneumoniae bacterial stock 

Day 1: 
a. Streak the frozen bacteria obtained from ATCC on a blood agar plate and incubate overnight 

in a 37 °C microbiological incubator 

b. Prepare and autoclave 500 ml of Todd-Hewitt broth by mixing 15 g of Todd-Hewitt media 

and distilled H2O to a final volume of 500 ml 

 

Day 2: 
a. At 3:00 PM, create a starter culture by adding a single bacterial colony to 5 ml of Todd-

Hewitt broth and allow the culture to grow without shaking at 37 °C until 5:00 PM 

b. At 5:00 PM, add 300 ml of Todd-Hewitt broth to a 1-L flask and inoculate with the 5 ml starter 

culture and allow the culture to grow overnight by placing it in a 37 °C microbiological 

incubator with no shaking 
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Day 3: 
a. Transfer the 300 ml overnight culture into 50 ml tubes and centrifuge at 1,000 x g for 35 min 

at 4 °C. Discard the supernatant 

b. Resuspend each pellet in 10 ml PBS and vortex to break up the pellet. Bring the volume up 

to 45 ml with PBS 

c. Repeat centrifugation and discard the supernatant 

d. Repeat steps b-c (Day 3), 2 more times 

e. Before the third spin, combine the aliquots (add 10 ml to each tube, vortex, then combine) 

f. After the final wash, add 2 ml of 15% glycerol/Todd-Hewitt broth and resuspend the pellet 

by gently pipetting up and down. Bring the final volume to 4 ml 

Note: This typically results in a concentration of 1 x 109 -5 x 109 CFU per ml. 

g. Add an aliquot to a coverslip and check the bacteria under the microscope to make sure 

that the majority are single cells and not long chains. 

h. Aliquot 130 μl into 1.2 ml cryovial tubes and store aliquots at -80 °C. 

 

Day 4: 
a. To titer the bacterial stock, thaw a vial of the stock  

b. Make 10-fold serial dilutions in PBS in 1.5 ml conical tubes (make -1 to -8 dilutions) 

c. Plate the -4 to -8 dilutions on blood agar plates and incubate overnight in a microbiological 

incubator 

d. On the following day, count the plates with 100-300 colonies and calculate the concentration. 

For example, if there are 100 colonies on the -6 plate, the stock would be: (100 CFU 

counted/0.1ml plated) x 106 dilution = 1 x 109 CFU/ml stock concentration 
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