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Abstract 

 

Improvements to viral diagnostic techniques led to increased detection of multiple 

respiratory viral pathogens from single samples. These co-detections of multiple viruses are 

known as viral coinfections. Viral coinfections are reported to lessen, increase, or not affect 

disease severity compared to individual virus infections. The literature is unclear as to what 

infection parameters or immune responses drive the disease severity aberrations. Clinical 

data cannot determine the timing of virus infections concerning each virus or the initial 

severity of each infection. We developed a mouse model of respiratory viral coinfection that 

allows us to control infection parameters. We can control for the timing, order, severity, and 

pairing of each virus. Using this model, we have determined that a less pathogenic virus can 

attenuate the disease severity of a more pathogenic virus. We used a minor group rhinovirus 

(RV) to attenuate the disease severity of influenza A virus (IAV), pneumonia virus of mice 

(PVM), and mouse hepatitis virus (MHV) when viruses were inoculated two days apart. We 

then determined that coinfection-mediated disease attenuation was not unique to RV, but 

MHV could also attenuate IAV and PVM disease severity. Further research found 

coinfection-mediated disease attenuation was dependent upon timing between virus 

infections and the severity of infections. Coinfection induced an early interferon response in 

mice, but the level of induction was dependent upon the specific viral pairing. Early type I 

interferon signaling was blocked in coinfected mice by intranasal administration of an 

antibody specific to the type I interferon receptor. We determined type I interferon was not a 

required mechanism for coinfection-mediated disease attenuation during RV and PVM 

coinfection. We then depleted neutrophils by intraperitoneal injection of an antibody 

specific to Ly6G high neutrophils. Depletion of neutrophils early during coinfection did not 

affect coinfection-mediated disease attenuation during coinfection with RV and PR8. 

Further experiments targeting other components of the innate immune system will be 

required to elucidate the critical mechanisms of respiratory viral coinfection-mediated 

disease attenuation. 
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CHAPTER 1 

Introduction 

 

1.1 Prevalence of respiratory viral coinfection 

 Current research has uncovered that multiple concurrent viral infections may heavily 

influence respiratory disease. The phenomenon of multiple interacting infections is known 

as a coinfection, and these types of infections have been reported to be both viral-bacterial 

(1-3) or viral-viral (4-6) in nature. During the 2009 influenza pandemic, one study reported 

that 55% of autopsied samples revealed secondary bacterial pneumonia complications in 

conjunction with the influenza-related disease (7). Clinical studies report that 11-26% of 

virus infections in the respiratory tract are viral-viral coinfections and not single virus 

infections (8-11). However, the prevalence of coinfection has also been reported at much 

higher levels too: 34% (2), 45% (12), or 62% (13). One study reported that 71% of positive 

respiratory syncytial virus infections involved another virus (14). Rhinovirus is often the 

most common co-detected pathogen with respiratory syncytial virus (12, 14, 15), but another 

study reported that rhinovirus and respiratory syncytial virus coinfection was under detected  

(16). The incidence of coronavirus infections being co-detected with at least one other 

respiratory pathogen is reported between 50-70% of total coronavirus infections (17-19). 

Once again rhinovirus, respiratory syncytial virus, and influenza virus were reported as 

common co-pathogens in these studies. When assessing pandemic influenza A virus (IAV) 

coinfection, the most common pathogens co-detected are rhinovirus followed by respiratory 

syncytial virus (20). These studies demonstrate that respiratory viral coinfections are 

prevalent and certain viruses have a high co-detection rate compared to other virus pairings. 

This could mean that certain virus pairings are more compatible with sharing a host while 

other viruses are excluded by viral interference. One alternative is these studies may be 

biased by which viruses are chosen for screening during each study, allowing a potential 

underreporting for many virus pairings. These studies also varied in their patient 

demographics (age, immunocompromised, location, etc.), sampling periods (year-round vs 

seasonal), and sample population sizes. Differences in these parameters could affect the 
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prevalence of coinfection detection, and more research is necessary for determining what 

parameters allow viral coinfections to persist in a population. 

 

1.2 Study demographics 

An important aspect of studying coinfection is the population demographics. One 

contribution to the wide range of reported coinfections could be the varied populations 

sampled. Studies vary between sampling hospitalized patients (13, 21)  and monitoring 

infections within the community (14, 22). This sampling discrepancy separates the 

identification of potentially severe viral coinfections from those that may not cause any 

signs of disease. It would be difficult to piece together a strong picture of coinfection virus 

pairings if these studies did not sample in the same locations and screen for the same 

viruses. The age of the sample population is also an important parameter as one study found 

viral coinfection is associated with increased hospitalization in patients younger than 23 

months old compared to patients older than 23 months (23). One study focused on the 

prevalence of human bocavirus (HBoV) infections and found 57.2% of HBoV infections 

involve at least one other virus with the majority of infections being in children 1-2 years 

old (24). Another study reported that an increased prevalence of coinfection in children 

younger than five years old  (20). In a study focusing on children < 5 years old in South 

Africa, coinfection rates of respiratory syncytial virus (RSV) infection were 51.1% (25). 

Enteroviruses and rhinoviruses were the most commonly co-detected viruses with human 

metapneumovirus (HMPV) when the sample population included all age groups and 

community/hospital-based specimens (26). However, when the population demographic was 

narrowed down to younger, hospitalized patients, the most common co-detected virus with 

HMPV was RSV (27) or HBoV (28). These studies imply that patient demographics may 

bias which coinfections are detected and the prevalence of each coinfection. It will be 

difficult to understand the true scope of respiratory viral coinfection until a universal 

sampling method is utilized. 
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1.3 Improvements in respiratory pathogen detection 

Respiratory viral coinfection has become more recognized as a common occurrence 

because of relatively recent improvements in viral detection methods. Classically, viral 

pathogens were screened using various in vitro cell culture and immunofluorescence 

methods. These techniques are time-consuming, heavily rely on available reagents for 

identification and are often limited to identifying single pathogens in a sample. Classical 

techniques have since been improved upon by the use of quantitative polymerase chain 

reaction (qPCR) and, more recently, multiplex qPCR. Multiplex qPCR allows for testing of 

multiple pathogens simultaneously in a single specimen. Using multiplex qPCR increases 

the detection rates of viral pathogens while identifying unique strains within a family missed 

by conventional methods (29, 30). Larger multiplex qPCR kits are being developed to screen 

for more pathogens while also increasing test sensitivity for accurate pathogen identification 

(31, 32). One drawback of these highly sensitive techniques is the identification of viral 

genetic material from a previous infection (33-36). Identification of persistent viral genetic 

material can confound the identification of current viral infections and interfere with 

determining how coinfection affects disease severity. It is difficult to determine between a 

current, previous, and latent infections, which could change the question of how respiratory 

viral coinfection affects disease severity to how a previous infection with one virus can 

predispose the immune response to respond differently during a new infection. It may be 

more prudent to combine virus identification methods and culture samples alongside 

multiplex qPCR assays. This combination approach would help investigators tease out 

current infections and identify how current viral coinfections may affect disease compared 

to single virus infections. 

 

1.4 Coinfections alter disease severity compared to single virus infections  

 Viral coinfection is a concern because it has been documented to alter disease 

severity compared to individual viral infections (8, 13, 22, 25, 37-42). It is unclear how 

coinfection affects disease severity and what parameters drive these changes. Changes in 
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disease severity could be due to sample population demographics or dependent upon the 

specific viruses involved in coinfection. Below are examples from the literature that 

demonstrate the relationship between respiratory viral coinfection and disease severity. 

Disease exacerbation 

 Arguably the most worrisome effect of respiratory viral coinfection is when 

coinfection exacerbates disease compared to individual virus infections. Many studies 

implicate coinfection with RSV increasing disease severity compared to its partnered 

coinfection virus alone. Children coinfected with both human rhinovirus (HRV) and RSV 

are more likely to belong to a high-risk group (37) and chances to develop severe lower 

respiratory tract disease increase compared to single HRV infection  (38). Another group 

determined that HRV and RSV coinfection significantly increased bronchiolitis severity and 

admission to the pediatric intensive care unit (PICU) compared to single virus infections 

(39). Similar to HRV and RSV coinfection, RSV and HMPV coinfection increases the 

likelihood of admittance to the PICU compared to either HMPV or RSV single infection 

(40). Obstructive airway disease is increased in infants coinfected with adenovirus (AdV) 

and either RSV or HRV compared to single AdV infections (38). Exacerbated disease during 

coinfection goes beyond the involvement of RSV and can include a plethora of infections. 

Coinfections involving parainfluenza virus 3 (PIV-3), IAV, AdV, HMPV, and HBoV are all 

associated with an increase in hospitalization compared to their single virus counterparts 

(25). These studies reveal that one virus may play a dominant role in determining the 

medical outcome for a patient during coinfection.  

Disease attenuation 

Respiratory viral coinfection can also reduce disease severity compared to single 

virus infections. One epidemiological study in Spain determined that infections with 

multiple viruses resulted in decreased hospital admission and oxygen treatment (13). Other 

studies claim HRV and RSV coinfection reduces hospitalization duration compared to single 

virus infections (25, 41). Although not correlated with disease severity, coinfection with 

either AdV or parainfluenza virus 1 (PIV-1) reduces the viral load of both AdV and PIV-1 

compared to their single virus infections (8). Martin et al. also determined that coinfection 

reduced the hospitalization admittance/duration and oxygen treatment compared to patients 
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with single infections. Lastly, coinfection with HRV and IAV reduces hospitalization and 

oxygen use compared to single IAV infections (22, 42). Interestingly, Esper et al. found 

HRV and IAV coinfection did not affect IAV titers, similar to Martin et al., but Pascalis et 

al. reported that this coinfection decreased IAV shedding compared to single IAV 

infections. These studies report conflicting data on whether coinfection increases or 

decreases disease severity.  

No change in disease 

Coinfection has been well-documented to alter disease severity compared to single 

virus infections, but other studies report that coinfection also does not affect disease 

severity. No significant differences in hospitalization or oxygen treatment were detected in 

patients under 14 years old with single infections compared to coinfections (23, 43). A 

group in Taiwan found respiratory viral coinfection did not significantly change any clinical 

symptoms associated with acute lower respiratory tract infections compared to single virus 

infections (44). Interestingly, although other studies implicate RSV coinfection in increasing 

disease severity and IAV coinfection reducing disease severity, the titer of neither virus is 

affected by coinfection compared to single infection (45). RSV and IAV viral loads are at 

equivalent levels during single and coinfection, regardless of age or being 

immunocompromised. To help corroborate this, another group found no significant 

differences in patients with single virus infections versus coinfections when hospitalization 

and treatment were assessed (46). This was interesting because this study identified 20 out 

of 54 coinfections involved RSV and HRV. Another study found that RSV and IAV 

coinfection did not increase the risk for lower respiratory tract infections compared to single 

virus infections (47). Yoshida et al. expanded this further and reported that IAV coinfection, 

in general, did not increase the likelihood of a lower respiratory tract infection. Finally, one 

report assessed coinfection during the H1N1 influenza outbreak of 2009 and found no 

differences in clinical cases between H1N1 2009 coinfection or seasonal IAV coinfection 

compared to their respective single virus infections (48). 

Altogether these data paint a contradicting picture of coinfection and its effects on 

disease severity. RSV has been reported to increase, decrease, and cause no change to 

disease severity compared to single virus infections. These contradictions may be dependent 
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upon the age of the patient, location of the study, or on what viruses were assessed. This 

could also be due to qPCR results picking up RNA remnants of previous infections and not 

representing a true coinfection. More information, including larger population studies with 

increased sampling frequency to monitor disease progression, is needed to understand how 

coinfection affects disease severity. 

 

1.5 Viruses utilized in these studies 

 We are interested in coinfections involving HRV, RSV, IAV, and coronaviruses 

(CoV) because these viruses are commonly found in single and multiple respiratory tract 

infections. It is common for HRV to coinfect with either RSV (14, 47) or IAV (20, 21). The 

studies referenced above reported mixed effects on disease severity for HRV and RSV 

coinfections. However, HRV and IAV coinfections seem to decrease IAV-induced disease 

severity compared to single virus infections. One explanation is that HRV is reported to 

interfere with IAV infection and subsequent spread of IAV pandemics (49, 50). This implies 

that an initial infection with HRV can stimulate an immune response, creating a more 

inhospitable environment for a secondary viral infection. This could also be highly 

dependent on the specific immune arms recruited and if those responses are effective or not 

at clearing the second pathogen. Coinfection with CoV is interesting because of the 

prevalence of co-detecting a second viral pathogen during a CoV infection. CoV coinfection 

rates are reported between 59-70% of CoV-positive infections (19, 51). Our investigation 

will use a minor group rhinovirus, mouse-adapted IAV, pneumonia virus of mice (PVM), 

and murine hepatitis virus strain 1 (MHV). Mice are not susceptible to major group HRV 

because of receptor incompatibility, but minor group rhinovirus 1B (RV) can infect and 

elicit an immune response in mice (52). IAV is also not a natural mouse pathogen, but 

influenza virus A/PR/8/34 (H1N1) (PR8) has been mouse-adapted and causes dose-

dependent disease severity in mice (53). PVM is a mouse pathogen closely related to RSV 

and is commonly used to investigate severe RSV-related mechanisms using mice as a model 

(54). Finally, we will use the respiratory-tropic strain of MHV (strain 1) as a model 

coronavirus (55). We will use these viruses to establish a mouse model of respiratory viral 
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coinfection to investigate how coinfection can manipulate the immune response to alter 

disease severity. 

 

1.6 Viral recognition 

 One potential mechanism for coinfection-mediated disease attenuation is faster 

recognition of a secondary virus infection. The first step to eliciting an immune response 

against a pathogen is recognition by pattern recognition receptors (PRR). PRRs are groups 

of receptors that recognize specific pathogen-associated molecular patterns. When these 

receptors bind their pathogen-associated molecular patterns (PAMP), the innate immune 

system is alerted to the presence of a pathogen via cytokine and chemokine production. RV, 

MHV, PVM, and PR8 are all recognized by PRRs on epithelial cells and innate immune 

cells such as macrophages and dendritic cells. Some PRRs are shared between these viruses, 

while others are unique to each virus. Stimulation of these PRRs with multiple PAMPs from 

each virus may help supplement and coordinate the immune response during coinfection. 

 Shared activation of PRRs could help the immune system overcome inhibitory 

mechanisms associated with viruses. Plasmacytoid dendritic cells (pDCs) use endosomal 

toll-like receptor (TLR) 7 to recognize viral pathogens. Once TLR7 is activated, pDCs will 

begin producing type I interferon (IFN). TLR7 recognizes IAV, PVM, and mouse hepatitis 

virus strain A59 in pDCs (56-60). Similarly, RV and mouse hepatitis virus type 3 (MHV3) 

activate TLR2 on the surface of macrophages (61, 62). Activation of innate immune cells 

could help increase presentation to adaptive immune cells resulting in increased control of 

viral infection.  

Epithelial PRRs also recognize these viruses. The dominant PRR during IAV 

infection of primary and transformed alveolar epithelial cells is retinoic acid-inducible gene 

I (RIG-I) (63). RIG-I knockout in mice delays clearance of PR8 and increases mortality 

associated with infection (64). RV infection in mice induces RIG-I expression (65), but 

induction of type I and III IFNs is debatable (65, 66). There is evidence of PVM 

nonstructural proteins causing ubiquitination of RIG-I, leading to its degradation (67). PVM 

may activate RIG-I signaling mechanisms during infection, but the virus has developed an 
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effective means for controlling this response. Other epithelial PRRs activated by RV and 

IAV infection are TLR3 (63, 66, 68) and melanoma differentiation-associated gene 5 

(MDA5) (66, 68-70). These receptors contribute to type I and III IFN production during RV 

and IAV infection. Lastly, MHV and RSV infection, which is closely related to PVM, 

induces expression of TLR4 and the loss of TLR4 signaling fails to control RSV (71) and 

increases MHV mortality (72) in mice. However, no differences are observed in PVM-

induced disease between wild type and TLR4 knockout mice during PVM infection (73). 

Inducing expression of shared PRRs could increase the likelihood of recognizing a second 

virus during coinfection. 

Not only do these viruses have shared PRR activation, but activation of some PRRs 

is unique to each virus. HRV infection in human epithelial cells stimulates the production of 

interleukin-6 by activation of TLR2, 7, and 8 pathways (69). Infection with MHV3 

stimulates TLR2 signaling in macrophages, but MHV3 TLR2 activation also occurs in 

endothelial cells (74). Finally, various strains of mouse hepatitis virus induce cytokine 

production from macrophages by stimulating MDA5 activation (75). This stimulation of 

PRRs unique to each virus infection can help supplement immune responses to unrelated 

viruses.  

Immune responses are initiated by PRR recognition of viral pathogens. Our viruses 

activate TLR2, 3, 4, 7, RIG-I, and MDA5 signaling during infection in various cell types. 

This shared signaling could benefit coinfection by increasing the numbers of PRRs 

expressed in the cells while also initiating shared pathways for cytokine production. This 

increases the chances of detecting and controlling a second virus. Activation of cytokine 

production by unique PRRs helps supplement immune responses because it can bypass the 

inhibitory effects on PRR signaling observed during PR8 and PVM infections. Production of 

IFNs and cytokines are initiated by many PRRs, and increasing the number of potential 

signaling pathways could help control a secondary virus infection during coinfection. 
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1.7 Murine model for human viruses 

 We are using RV, PR8, PVM, and MHV in our model of coinfection because they 

represent common viruses found in coinfection of humans. Not only do they represent 

common coinfecting viruses, but these four unrelated viruses elicit varying degrees of 

respiratory pathogenesis in mice.  

Since mice have no known rhinoviruses, investigators use RV (strain 1B) to study 

rhinovirus infections (52, 76, 77). RV is a minor group rhinovirus that uses the low-density 

lipoprotein receptor (LDLR) to enter respiratory epithelial cells (52, 78). Major group 

rhinoviruses are restricted to using human intercellular adhesion molecule 1 as a receptor, 

whereas minor group rhinoviruses use the LDLR in both mice and humans. RV infection in 

mice generates a rapid production of type I and III interferon, chemokines, inflammatory 

cytokines, and mucin. Shortly after infection of airway epithelium, neutrophils migrate into 

the airways followed by lymphocytes. RV RNA and viral load decline within 24 hours of 

inoculation (52). Although RV does not establish a lasting infection in mice, it provides the 

best model for studying rhinovirus infection in a mouse model. 

 Influenza viruses are not natural pathogens of mice. To study influenza-induced 

disease, PR8 has been adapted to mice by serial passaging. PR8 creates dose-dependent 

disease severity in mice where higher doses induce more severe pathology. The primary 

sites of infection for IAV are respiratory epithelia, including bronchiolar and alveolar 

epithelia (79, 80). After a lethal dose of PR8 induces rapid production of chemokines and 

inflammatory cytokines correlating with an early peak in viral load (53, 81). Initially, 

neutrophils and macrophages are the first responding cell types in the lungs after infection. 

Then T lymphocytes migrate to the lungs with PR8-specific CD8 T cells increasing as viral 

titers decrease (82). Infected lungs are marked by severe pulmonary inflammation, lesions 

on the lungs, and edema (80). Late stage PR8 infection is associated with diffuse alveolar 

damage and acute respiratory distress.  

MHV is used as a model of severe acute respiratory syndrome-associated 

coronavirus (SARS-CoV) in A/J mice and a milder form of SARS-CoV in BALB/c mice 

(55, 72, 83). MHV replicates in primary alveolar epithelial cells (84) and a transformed 

murine lung epithelial cell line in vitro (85). High numbers of MHV virions were detected 
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within macrophages by electron microscopy (55). MHV infection is associated with 

extensive macrophage recruitment, severe pulmonary inflammation, and late-stage hyaline 

membrane formation and fibrin deposition. Cytokines remain elevated during infection, 

correlating with mortality (55). However, MHV infection in BALB/c mice induces 

pulmonary inflammation and recruitment of inflammatory cells into the airways before 

eventual clearance of the virus and survival (55, 72). Using BALB/c mice and lower doses 

of MHV can be beneficial for studying severe coronavirus infections. 

PVM is a natural mouse pathogen used to study severe RSV infections in BALB/c 

mice (86). PVM initially replicates in alveolar epithelial cells before progressing to 

bronchiolar epithelial cells at later time points (87). PVM infection induces pulmonary 

inflammation and edema with infiltration of macrophages before neutrophils at higher 

inoculation doses (88). Early cytokine production is induced using high dose PVM, but 

lower doses of PVM delays cytokine production. Increased cytokine production correlated 

with higher histopathology scores and inflammatory cell infiltration. PVM replicates to high 

levels in mice, but peak titer is reached early before plateauing for several days. 

 

1.8 Current research on respiratory viral coinfection 

 Respiratory viral-viral coinfections are poorly understood, and the literature does not 

reflect many studies focusing on this topic. Many studies focus on how viral-bacterial 

coinfections affect disease severity (89-91). However, some studies discuss the implications 

of viral-viral coinfections within different model organisms. One of the earliest studies of 

respiratory viral coinfection found that initial infection with a mouse hepatitis virus (not 

strain 1) delayed seroconversion to a subsequent PVM infection along with a reduction of 

PVM specific antibody levels (92). This group also used an initial mouse hepatitis virus 

infection to reduce Sendai virus-induced mortality dramatically. Another group studied viral 

coinfection between IAV and RSV in mice. IAV inoculation 24 hours before, 

simultaneously with, or 24 hours after RSV reduces histopathology associated with either 

IAV or RSV single infections (93). Attenuation of pulmonary inflammation is associated 

with an increase in early NK and CD4 T cell recruitment and reduced cytotoxic T cells 
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compared to controls. Reduction in cytotoxic T cells could be limiting damage to alveoli 

while increased CD4 T cells could be regulating inflammation in these mice. 

 Coinfection with RSV and IAV has also been studied using a ferret model. Pre-

infection with IAV three days before RSV prevents RSV infection, whereas pre-infection 

with IAV seven days before RSV only reduces the level of RSV infection (94). 

Interestingly, pre-infection with RSV at any time point before IAV does not alter the 

establishment of PR8 infection but reduces IAV-induced disease. These effects are 

associated with IAV infection inducing a stronger proinflammatory response, which could 

limit RSV infection. Coinfection of weanling pigs with porcine reproductive and respiratory 

syndrome virus ten days before porcine respiratory coronavirus increases fever and 

pneumonia compared to single virus infections (95). Exacerbation of disease severity is 

linked to an attenuated interferon-α response and NK cell activity. Coinfection is also 

associated with a shift to T-helper 1 responses and a decrease in T-helper 2 responses.  

Further research is necessary to understand how respiratory viral coinfection can 

alter immune responses to be protective versus detrimental to the host. Respiratory viral-

viral coinfections are reported to affect disease severity compared to individual virus 

infections in humans. In vivo models of viral coinfection find that certain virus pairings 

prevent a secondary virus infection while other virus pairings only reduce disease severity of 

a second virus infection. Changes to inflammatory responses and lymphocyte responses are 

thought to be the mechanism of action underlying the effects of coinfection. However, other 

cell types may play a critical role, orchestrating the switch to a less detrimental role for 

adaptive immune responses. It is necessary to investigate the roles of the early innate 

immune responses and how these responses influence the progression of disease during 

coinfection. These studies also used pathogenic viruses as model viruses for coinfection. We 

are interested in studying if a mildly virulent virus, one that causes little to no disease, could 

protect the host from a highly virulent virus.  
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CHAPTER 2 

Materials and Methods 

 

2.1 Virus stocks and cell lines 

Madin-Darby canine kidney cells (MDCK) (ATCC CCL-34), murine fibroblast line 

17Cl.1 (provided by Dr. Kathryn Holmes, University of Colorado Denver School of 

Medicine), murine fibroblast line L929 (provided by Dr. Wendy Brown, Washington State 

University), and HeLa cells (ATCC CCL-2) were grown in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), 

and 1X antibiotic-antimycotic (ThermoFisher). Murine lung epithelial cells (LA-4) (ATCC 

CL-196) were grown in Ham’s F12 (Kaign’s modified) medium (F12K; Caisson) 

supplemented with 10% to 15% FBS and antibiotics. Murine alveolar macrophages (MH-S) 

(provided by Dr. Santanu Bose, Washington State University) were grown in RPMI 1640 

(RPMI) medium supplemented with 10% FBS and antibiotics. Baby hamster kidney cell line 

(BHK) (provided by Dr. Kathryn Holmes, University of Colorado Denver School of 

Medicine) were grown in minimal essential media (MEM) supplemented with 10% FBS and 

1X antibiotics. Influenza A virus PR8 (A/Puerto Rico/8/1934 [H1N1]), obtained from BEI 

Resources (NR-3169), was grown and titrated by 50% tissue culture infectious dose 

(TCID50) assay in MDCK cells. Mouse hepatitis virus MHV-1 (ATCC VR-261) was grown 

and titrated by plaque assay in 17Cl.1 cells. Rhinovirus RV1B (ATCC VR-1645) was grown 

and titrated by TCID50 assay in HeLa cells. RV1B stocks were concentrated by 

centrifugation through 30% sucrose, and the virus pellet was resuspended in phosphate-

buffered saline containing 2% FBS (PBS/2% FBS). Pneumonia virus of mice (PVM) strain 

15 (ATCC VR-25) was grown and titrated by TCID50 assay in BHK cells. Vesicular 

stomatitis virus expressing green fluorescent protein (VSV-GFP) (provided by Dr. Victor 

DeFilippis, Oregon Health and Science University) was grown and titrated by TCID50 assay 

in BHK cells. 
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2.2 Mouse infections 

All experimental protocols were approved by the University of Idaho Institutional 

Animal Care and Use Committee, following the Guide for the Care and Use of Laboratory 

Animals (206). As described below, mice were monitored daily and were euthanized by an 

overdose of sodium pentobarbital if they reached humane endpoints. 

Six-to-eight-week-old female BALB/c mice were purchased from Harlan 

Laboratories/Envigo. Mice were housed in individually vented cages with controlled 

light/dark cycles and regulated temperature maintained by University of Idaho Lab Animal 

Research Facilities and received food and water ad libitum. The mice were allowed to 

acclimatize to the facility for five to 12 days before experiments were performed under 

animal biosafety level 2 (ABSL2) conditions. Mice were anesthetized with inhaled 

isoflurane and inoculated intranasally with 50 µl of the virus. The following inoculation 

scheme was used: 

 

Coinfection Day -2 Day 0 Day 2 

RV/Mock RV Mock  

Mock/PR8 Mock PR8 (Low, Med, Hi)  

RV/PR8 RV PR8 (Low, Med, Hi)  

RV/PVM RV PVM  

RV/MHV RV MHV (Severe)  

MHV/Mock MHV Mock  

MHV/PR8 MHV (mild, moderate, severe) PR8  

MHV/PVM MHV PVM  

RV+PR8  RV and PR8 (Low, Med)  

PR8/RV  PR8 RV 

RV+PVM  RV and PVM  

PVM/RV  PVM RV 

Table 2.1. Respiratory viral coinfection scheme. 

 

Control mice received mock inoculations of the same buffer or medium used for the 

respective virus: RV (PBS/2% FBS), PR8 (DMEM/1% bovine serum albumin [BSA]), PVM 
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(DMEM/2% FBS), or MHV (DMEM/10% FBS). See results and figure legends for viral 

doses and the number of mice used in each experiment. 

Mice were weighed and observed for clinical signs of disease daily and were 

humanely euthanized if they lost more than 25% of their starting weight or exhibited severe 

clinical signs of disease. Mice were given a daily severity score of 0 to 3 in each of four 

categories: ruffled fur, lethargy, labored breathing, and hunched posture. The daily scores 

were totaled for each mouse and averaged across the group of mice. 

 

2.3 In vitro coinfection 

LA-4 cells were inoculated with RV (multiplicity of infection [MOI] of 1 or 2) either 

2, 6, or 12 hours before or simultaneously with PR8 (MOI of 1 or 2). After 1 hour of 

incubation with the inoculum, cells were washed twice with serum-free medium and then 

incubated in Ham’s F12K medium with 2% FBS and antibiotics at 37°C. The supernatant 

medium was collected from the cells at 6, 12, 18, 24, 48, 72, and 96 h after PR8 inoculation, 

and PR8 was titrated by TCID50 assay using MDCK cells. 

LA-4 cells were inoculated with PR8 (MOI of 1 or 2) either 6 or 12 hours before or 

simultaneously with RV (MOI of 1 or 2). After 1 hour of incubation with the inoculum, cells 

were washed twice with serum-free medium and then incubated in Ham’s F12K medium 

with 2% FBS and antibiotics at 37°C. The supernatant medium was collected from the cells 

at 6, 12, 18, 24, 48, 72, and 96 h after RV inoculation and RV was titrated by TCID50 assay 

using HeLa cells. 

MH-S cells were either inoculated with RV (MOI of 1) 12 hours before PR8 (MOI of 

1) or, the reverse, PR8 (MOI of 1) 12 hours before RV (MOI of 1). After 1 hour of 

incubation with inoculum, cells were washed once with serum-free medium and then 

incubated in RPMI medium with 2% FBS and antibiotics at 37°C. The supernatant medium 

was collected from cells 24 hours after secondary virus inoculation. TCID50 assay was used 

to titrate RV (HeLa cells) and PR8 (MDCK cells). 
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2.4 PR8 quantification 

Right lobes of the lungs were flash-frozen and stored at -80°C. Frozen tissues were 

weighed and homogenized in DMEM with 2% BSA and 1% antibiotics, and PR8 was 

quantified by TCID50 assay on MDCK cells (96).  

We tested if the presence of RV or MHV would interfere with the titration of PR8 in 

coinfected samples. We performed a 1:2 dilution of PR8 with either media, RV, or MHV. 

Then quantified PR8 by TCID50 assay on MDCK cells. We found no significant differences 

between PR8 combinations with media (Mock/PR8), RV (RV/PR8), or MHV (MHV/PR8) 

(Table 2.2). We also inoculated MDCK cells with RV and MHV and we did not observe any 

cytopathic effects in MDCK cells with either virus. 

 

 Mock/PR8 RV/PR8 MHV/PR8 

PR8 Titer 2.10E+06 3.48E+07 1.96E+07 

Table 2.2. Titration of PR8 when mixed with media, RV, or MHV. 

 

2.5 Histology 

The tracheas of euthanized mice were cannulated, and the lungs were inflated with 10% 

formalin before submerging the lungs in 10% formalin. After fixation, lungs were embedded 

in paraffin, cut in 5-µm sections, and stained with modified Harris hematoxylin and eosin 

(VWR Scientific). 

 

2.6 Flow cytometry 

 Left lobes of lungs were incubated in RPMI containing 1 mg/mL type IV collagenase 

(MP Biomedicals) and 0.5 mg/mL DNase (Spectrum) for one hour. Lobes were manually 

homogenized during incubation before passing through a 70 µm strainer. Red blood cells 

were lysed before blocking Fc receptors using TruStain fcX αCD16/CD32 (BioLegend). 

Cells were stained for 20 minutes in 96-well plate in 100 µL volumes of flow cytometry 

staining buffer (PBS/1% BSA/0.1% sodium azide) containing the following antibodies: 

αCD11b-Alexa Fluor 488 (cat #53-0112-82), αLy6G-APC (cat #17-9668-82), αCD3-PerCP-

Cy5.5 (cat #45-0031-82), αCD8-APC (cat #17-0083-81) all from eBiosciences; αCD64-PE 

(cat #139304) and αCD4-Alexa Fluor 488 (cat #100423) from BioLegend; and αSiglecF-
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PerCP-Cy5.5 (cat #565526) from BD Biosciences. Stained cells were incubated in BD 

Stabilizing Fixative (BD Biosciences) for 30 minutes before replacing with flow cytometry 

staining buffer. Cells were analyzed using BD FACS Aria (BD Biosciences). Gates were 

made with FlowJo software (Treestar, Costa Mesa, CA). 

 

Cell type Antibodies 

Neutrophil CD11b+ Ly6G+ 

Activated neutrophil CD11b+ Ly6G+ CD64+ 

Interstitial macrophage CD11b+ Ly6G- CD64+ 

Alveolar macrophage CD11b- CD64+ SiglecF+ 

CD8 T cell CD3+ CD8+ 

CD4 T cell CD3+ CD4+ 

Table 2.3. Immune cell surface markers. 

 

2.7 Type I interferon bioassay 

 Samples for bioassay were cell-free lavage fluid (days 4 and 7) and lung 

homogenates (day 2). Cell-free lung homogenates and lavage fluid were added to a 96-well 

plate and UV-inactivated using a 2000 J/m2 dose (LabX Stratagene Stratalinker 1800). 

Sodium pyruvate was added to each well to quench free radicals. Samples were diluted by 

serial 2-fold dilutions down the plate, followed by addition of 3.0x104 L929 cells to each 

well, and the plate was incubated for 24 hours at 37°C and then cell media was replaced 

with VSV-GFP inoculum at MOI of 10. Cells and inoculum were incubated for 24 hours at 

37°C. Wells were then washed with PBS and fluorescence was analyzed using BMG 

Labtech FLUOstar OPTIMA. Data were normalized to positive virus control (no type I 

interferon present) and displayed as 2-fold dilution versus fluorescence.  

 

2.8 Quantitative RT-PCR 

Lung tissue was stored in RNALater, and RNA was extracted using TRIzol (Invitrogen) or 

RNeasy Plus (Qiagen) according to the manufacturer’s recommendations. One microgram of 

RNA was reverse transcribed using SuperScript IV VILO with ezDNase digestion 
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(Invitrogen). Quantitative PCR was performed using PowerUp SYBR green and the 

StepOne Plus instrument (Applied Biosystems) using previously published IFN-β (97), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (98), and interferon-induced GTP-

binding protein Mx1 (Mx1) (99) primer sets. Fold change compared to the values for mock-

inoculated mice was calculated using the 2-ΔΔCt method (100). 

 

2.9 TNF-α protein quantification 

 TNF-α enzyme-linked immunosorbent assay (eBioscience) was performed on BAL 

fluid samples (collected in the same fashion as for IFN Bioassay (2.7)).  

 

2.10 Neutrophil depletion 

 Neutrophil depletion was accomplished by administering the antibody specific to 

mouse Ly6G clone 1A8 (Bio X Cell) or rat IgG2a isotype control antibody (52). Mice 

initially received 0.5 mg of 1A8 or isotype control antibody intraperitoneally (i.p.) one day 

before RV inoculation. On day -2, 0.2 mg of 1A8 or isotype control antibody was delivered 

intranasally with RV. Neutrophil depletion was then maintained by administering 0.2 mg 

1A8 or isotype control antibody on days -1, 1, and 3 i.p. in respect to PR8 inoculations. 

 

2.11 Bronchoalveolar lavage cell counts 

 To ensure neutrophil depletion did occur, we counted cells from BAL samples. 

Lungs were inflated with 1 mL PBS and then lavage fluid was collected and counted 

recovered cells. Samples were centrifuged to pellet cells for resuspension in red blood cell 

lysis solution. Cells were then spun onto a glass slide and stained using PROTOCOL HEMA 

3 Stain Set (PROTOCOL). Cells were then categorized into cell types based on staining and 

converted to percentage of each cell type based on total cells counted. 

 

2.12 Block of type I interferon receptor 

 Type I interferon signaling was blocked by administering the antibody specific to 

type I interferon α/β receptor clone MAR1-5A3 (IFNAR, Bio X cell) or mouse IgG1k 

isotype control antibody (171). Mice were intranasally administered 0.05 mg MAR1-5A3 or 

isotype control antibody with RV on day -2 and again with PVM on day 0.  
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2.13 RT2 profiler PCR array 

 RNA was isolated from mouse lung tissue stored in RNAlater using QIAamp Viral 

RNA Mini Kit from QIAGEN (cat #52904). General RNA screen was performed using the 

RT2Profiler PCR Array System from SA Biosciences (cat #1022A). Data are expressed as 

RV/PR8 coinfection gene expression fold-increase compared to Mock/PR8 single infection. 

 

2.14 RNAseq 

 RNAseq samples were prepared and analyzed as described in Van Leuven et al., 

currently in preparation for publishing. 

 

2.15 Statistics 

 Statistical analyses were performed using GraphPad Prism 7 software. Survival 

curves were compared using log-rank Mantel-Cox curve comparison. Weight loss and 

clinical score data were compared using multiple Student’s t-tests. PR8 titers from mouse 

lungs, cell culture experiments, recruited immune cells, and RT-qPCR results were 

compared using Student’s t-tests without correction for multiple comparisons.  
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CHAPTER 3 

Effects of Coinfection on Influenza A Virus and Rhinovirus Replication In 

Vitro 

 

3.1 Overview 

Our bodies are constantly assaulted by viruses that routinely manipulate their 

environments to ensure replicative success. This creates opportunities for related or unique 

viruses to interact while attempting to establish an infection. These viral interactions 

contribute to the phenomenon known as viral interference. Viral interference occurs when a 

cell infected by one virus becomes less susceptible to infection (or re-infection) by another 

virus. This response is not limited to individual cells but can be conveyed to entire organs as 

well. Stimulation of interferon-regulated pathways (101), antigenic presentation (102), or 

down-regulation of viral receptors on a cell’s surface (103) are all mechanisms of 

interference. 

Evidence of viral interference among respiratory viruses has been widely established 

through epidemiological studies tracking seasonal virus circulation. Recent interest has been 

focused on epidemic H1N1 influenza infections and delays in circulation. Many studies 

report findings of HRV circulation coinciding with the delay in epidemic influenza 

circulation. These studies have been conducted in countries across the world: China (104), 

Norway (49), France (105), and Sweden (106). The global scope of this interference is 

important because it indicates this is not an isolated event that is unrepeatable, but a small-

scale viral arms race that has many recorded incidences across several years. Another group 

reported that HRV was not limited to interfering with influenza circulation but hindered the 

circulation of other seasonal respiratory viruses (50). It is also possible for a previous virus 

infection to generate a strong enough immune response within a population to prevent re-

infection of the population for subsequent years. One outbreak of adenovirus in China 

generated a strong antibody response among the infected population, causing a two-year 

delay before adenovirus circulation returned to normal (104).  
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These studies provide evidence for viral interference occurring at the population-

level, but there is also evidence for interference at the tissue-specific level using in vitro 

methods. Human lung epithelial cells and canine kidney cells were simultaneously 

coinfected with H5-mCherry IAV and either H1-GFP or H5-GFP IAV. Coinfection with 

H1-GFP and H5-mCherry resulted in lower GFP expression in both cell lines compared to 

coinfection with H5-GFP and H5-mCherry (107). Not all viral interactions are detrimental to 

the virus. Simultaneous coinfection of African green monkey kidney cells with IAV and 

human parainfluenza virus type 2 resulted in increased IAV titers compared to single virus 

controls (108). Coinfection increased influenza titers because parainfluenza virus stimulates 

cell-cell fusion, allowing IAV to spread easily to neighboring cells. Evidence of viral 

interference has also been established in more controlled studies using in vivo models. Using 

a ferret model, primary IAV infection prevents a secondary infection by an influenza B virus 

(IBV) when viruses are inoculated 1, 3, 5, or 7 days apart (109). Similarly, primary infection 

with IAV in ferrets prevents a secondary infection by RSV when viruses were inoculated 3 

or 7 days apart (94). IAV may be interfering with secondary viral infections by inducing a 

strong proinflammatory response, including the production type I IFN. These in vitro and in 

vivo data, demonstrate that IAV can interfere with the replication of related and unrelated 

viruses. 

Another viral mechanism of interference is superinfection exclusion (SIE). SIE is 

similar to viral interference, but SIE refers to an initial virus infection interfering with the 

establishment of a second identical or similar virus infection. SIE of hepatitis C virus in 

vitro using human cell lines has been well-documented. Studies suggest that interference 

occurs after viral entry into the cell and is active at the viral replication step (110, 111). The 

influenza neuraminidase (NA) glycoprotein is a known mediator of SIE. Influenza 

hemagglutinin (HA) binds sialic acids on cellular membranes to gain entry into a cell, and 

NA limits superinfection by cleaving these sialic acids, thus preventing influenza HA from 

binding its receptor (112). Cleavage of sialic acids by NA inhibits entry of a secondary 

influenza virus and pseudotyped retroviruses expressing HA. Treatment of IAV with NA-

inhibitors restored the ability for the secondary virus to establish infection and propagate. 

Sindbis virus infection in mosquito cells reduces replication of both homologous viruses and 

closely-related arenaviruses when the viruses are cultured together in vitro (113). The 
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nonstructural alphavirus protease from the initial infection may be cleaving viral proteins 

required for minus-strand RNA synthesis during the secondary virus infection. Citrus 

tristeza virus also demonstrates that SIE during infection of citrus trees is through 

mechanisms dependent upon the virus’ p33 protein, a virus membrane component involved 

in stimulating the release of reactive oxygen species during infection (114, 115). SIE across 

a broad host range suggests that this is not a mechanism utilized solely by pathogens of 

vertebrates, but a mechanism that has developed and refined over a long period. 

 Taken together, these studies demonstrate that viral interference is not as simple as 

one virus establishing an infection before another virus, but rather a complex network of 

interactions that lead to adverse or even beneficial effects depending on which viruses are 

coinfected together. Because HRV infection is proposed to interfere with pandemic IAV 

circulation, we are interested if this viral interference is dependent upon the host immune 

system or SIE mediated through viral infection. To test this, we used a cell line, LA-4, 

susceptible to both RV (116) and IAV (117) as a model for in vitro coinfection. Both viruses 

were inoculated simultaneously with, and 2-, 6-, and 12-hours apart from each other and 

viral titers measured at various time points post-infection. Any changes in viral titers during 

coinfection compared to single virus infections would inform some role of viral interference, 

e.g., competition or decreased susceptibility to a secondary infection. If no changes are 

measured, then the immune system is required to inhibit secondary viral infections. This 

distinction is imperative to understanding the model of respiratory viral coinfection because 

it will provide insight into what mechanisms control attenuation or exacerbation of disease 

severity during coinfection. 

 

3.2 Results 

3.2.1 Pre-infection with RV did not affect PR8 replication in vitro  

We wanted to determine if RV can interfere with IAV growth kinetics during 

coinfection. Potential routes of interference are competition for susceptible cells, variable 

surface expression of virus receptors, or exclusion of infection by inducing innate immune 

mechanisms. To test if RV interferes with PR8 replication in vitro, we inoculated the murine 
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lung epithelial cell-line, LA-4, with either Mock (media) or RV (MOI=1) simultaneously 

with, 2, 6, or 12 hours before inoculation with PR8 (MOI=1). Infected LA-4 cells were 

incubated for 48 to 96 hours, and media overlaying the monolayer were collected at 6, 12, 

18, 24, 48, 72, and 96 hours post-inoculation (hpi). PR8 was titrated by TCID50 assay on 

MDCK cells.  
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Figure 3.1. PR8 replication was not affected by coinfection with RV. LA-4 cells were either inoculated with 

Mock (media) or RV 2, 6, or 12 hours before or simultaneously with PR8. Cells were incubated for 48-96 

hours, and media were collected at 6, 12, 18, 24, 48, 72, and 96 hours post-inoculation, and PR8 was quantified 

by TCID50 assay on MDCK cells. PR8 titer from single infected cells (Mock+PR8) is open, red circles and 

PR8 titer from coinfected cells (RV+PR8) is closed, blue circles. A) Simultaneous coinfection; MOI=1. B) RV 

inoculated 2 hours before PR8; MOI=1. C) RV inoculated 6 hours before PR8; MOI=1. D) RV inoculated 12 

hours before PR8; MOI=1. E) Simultaneous coinfection; MOI=2. F) RV inoculated 6 hours before PR8; 

MOI=2. G) RV inoculated 12 hours before PR8; MOI=2. Significance versus Mock/PR8 was determined by 

unpaired Student’s t-test of triplicate samples. P-values are shown by * ≤ 0.05 or *** ≤ 0.001. 
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PR8 replication was unaffected by coinfection in a mouse lung epithelial cell-line 

with RV at multiple timings. Initially, we tested how simultaneous coinfection affected PR8 

titers. The same trend in PR8 replication was seen during PR8 alone (Mock+PR8) and 

coinfected (RV+PR8) samples (Fig. 3.1A). PR8 titers in both single- and coinfection 

increased throughout 72 hours. However, no significant differences were found at any time 

point between single- and coinfection. Viral interference may be influenced by individual 

virus replication kinetics and a sufficient amount of time to establish an initial infection may 

be required to see full effects. We decided to test a larger range of time intervals between 

viral inoculations to try and capture any subtleties involved. However, no major effects of 

viral interference were found when RV was inoculated either 2 (Fig. 3.1B), 6 (Fig. 3.1C), or 

12 hours (Fig. 3.1D) before PR8 (RV/PR8) compared to PR8 alone (Mock/PR8). The only 

significant difference found between single (Mock/PR8) and coinfection (RV/PR8) PR8 

titers was when RV was inoculated 6 hours before PR8 at 96 hours. This implies that PR8 

replication is unaffected by the presence of another virus regardless of the timing of 

infections. 

One potential problem with previous coinfection schemes is the inoculation dose 

could be too low to ensure sufficient interactions between RV and PR8. We decided to 

double the inoculation dose of both viruses in hopes of increasing viral interactions and 

improving the chances of both viruses coinfecting individual cells. LA-4 cells were either 

Mock- (media) or RV-inoculated (MOI=2) simultaneously with, 6, or 12 hours before PR8-

inoculation (MOI=2). Infected cells were incubated for 48-96 hours, and media overlaying 

the monolayers were collected at 6, 12, 18, 24, 48, 72, and 96 hours after virus inoculation. 

PR8 was titrated using the TCID50 assay on MDCK cells. 

Increasing the dose of each virus during coinfection had timing-specific effects on 

PR8 replication. As seen earlier, with lower doses, PR8 titers during simultaneous 

coinfection (RV+PR8) were not significantly different than PR8 alone (Mock/PR8) titers 

(Fig. 3.1E). A similar trend was seen when RV was inoculated 12 hours before PR8 (Fig. 

3.1G). No significant differences in PR8 titers were seen during coinfection (RV/PR8) 

compared to a single infection (Mock/PR8). However, when RV was inoculated 6 hours 

before PR8, PR8 titers during coinfection (RV/PR8) were significantly lower at 12 and 72 
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hpi compared to PR8 alone (Mock/PR8) (Fig. 3.1F). Coinciding with these significant 

differences, PR8 titers in RV/PR8 samples were also lower at 48 and 96 hpi, but these 

differences did not reach a significant level. These differences may be specific to a small 

window of inoculation timings for these viruses and inoculating outside this window negates 

potential for viral interference. This small window could be due to how RV replication is 

affecting cellular processes because RV would be producing immediate early genes shortly 

after entering a cell. Replication of RV and LA-4-specific cellular responses would need to 

be measured to assess how this would affect PR8 inoculation at different times. 

 

3.2.2 Rhinovirus replication was altered during in vitro coinfection at low inoculation 

doses 

Since coinfection with RV had little to no effect on PR8 replication, we were 

interested if PR8 affected RV replication. The LA-4 cell-line was inoculated with either 

Mock (media) or PR8 (MOI=1) simultaneously with, 6, or 12 hours before inoculation with 

RV (MOI=1). Infected LA-4 cells were incubated for 48 to 96 hours, and media overlaying 

the monolayer were collected at 6, 12, 18, 24, 48, 72, and 96 hpi. RV was then titrated by 

TCID50 assay on HeLa cells.  

When we analyzed RV titers, there was a more obvious effect of coinfection on virus 

replication. Simultaneous coinfection with RV and PR8 (RV+PR8) reduced RV titers 

compared to RV alone (Mock+RV) infected samples (Fig. 3.2A). But when PR8 was 

inoculated 6 hours before RV, RV titers during coinfection (PR8/RV) were significantly 

higher at 24 hpi compared to RV alone infection (Mock/RV) (Fig. 3.2B). However, when 

PR8 was inoculated 12 hours before RV, coinfected samples (PR8/RV) had reduced RV 

titers at both 48 and 72 hpi compared to RV alone (Mock/RV) infected samples (Fig. 3.2C). 

These data infer that RV is more susceptible to viral interference than PR8 during 

coinfection. However, RV gained a replicative advantage when PR8 was inoculated 6 hours 

before RV. This advantage correlated with the eclipse phase of the PR8 replication cycle, 

which could help set the stage for RV. 
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Figure 3.2. RV replication was affected by coinfection with PR8 at lower inoculation doses. LA-4 cells 

were either inoculated with Mock (media) or PR8 6 or 12 hours before or simultaneously with RV. Cells were 

incubated for 48-96 hours, and media were collected at 6, 12, 18, 24, 48, 72, and 96 hours post-inoculation and 

RV was quantified by TCID50 assay. RV titer from single infected cells (Mock+RV, Mock/RV) is open, red 

squares, and RV titer from coinfected cells (RV+PR8) is closed, blue squares. A) Simultaneous coinfection; 

MOI=1. B) PR8 inoculated 6 hours before RV; MOI=1. C) PR8 inoculated 12 hours before RV; MOI=1. D) 

Simultaneous coinfection; MOI=2. E) PR8 inoculated 12 hours before RV; MOI=2. Significance versus 

Mock/RV was determined by unpaired Student’s t-test of triplicate samples. P-values are shown by * ≤ 0.05 or 

** ≤ 0.01. 

 

We also tested how increasing the inoculation dose of each virus affected RV titers 

during coinfection. LA-4 cells were either Mock- (media) or PR8-inoculated (MOI=2) 
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simultaneously with or 12 hours before RV-inoculation (MOI=2). Infected cells were 

incubated for 48 hours, and media overlaying the monolayers were collected at 6, 12, 18, 24, 

and 48 hours after virus inoculation. RV was titrated using the TCID50 assay on HeLa cells. 

Interestingly, we did not see any differences in RV titers between coinfection 

(PR8/RV) and RV alone (Mock/RV) infected samples when the inoculation dose was 

increased. Whether PR8 and RV were coinfected simultaneously (Fig. 3.2D) or 12 hours 

apart (Fig. 3.2E), RV titers in single infected samples matched RV titers in coinfected 

samples. The only significant difference recorded was at 48 hpi when PR8 was inoculated 

12 hours before RV (Fig. 3.2E). This may need further investigation into later time points to 

see if this reduction in RV titers during coinfection is maintained. These data suggest that 

coinfection can alter RV replication, but it is dependent upon the amount of virus inoculated 

and timings between inoculations. 

 

3.2.3 Testing coinfection viral interference in a mouse alveolar macrophage cell line 

 We initially observed mixed results for coinfection-mediated viral interference in a 

murine lung cell-line, but now we wanted to try similar experiments in another pulmonary-

related cell line. Alveolar macrophages are a frontline defense against anything attempting 

to gain access to the lower respiratory tract. These macrophages would be another cell type 

encountered by each virus during infection; we wanted to test if the replication of either 

virus would be affected by coinfection of these cells. 

 In the following study, we chose to use the murine alveolar macrophage cell-line 

MH-S because it is susceptible to RV (118) and PR8 (119). MH-S cells were inoculated 

with either Mock (media) or RV (MOI=1) 12 hours before inoculation with PR8 (MOI=1). 

The reverse, PR8 12 hours before RV, was also tested. Infected cells were incubated for 24 

hours before media were collected, and both RV and PR8 were titrated by TCID50 assay on 

HeLa and MDCK cells, respectively. 

 Coinciding with results obtained from coinfecting a lung cell-line, RV growth was 

affected by coinfection more than PR8. Both PR8 alone (Mock/PR8) and coinfected 

(RV/PR8) samples had PR8 titers around 105 TCID50/mL at 24 hpi (Fig. 3.3A), which 
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demonstrated that PR8 growth was not disturbed by coinfection in MH-S cells. When MH-S 

cells were inoculated with RV alone (Mock/RV), RV titers were slightly above 102
 

TCID50/mL at 24 hpi whereas RV titers from coinfected (PR8/RV) samples were 

undetectable (Fig. 3.3B). These data provide further evidence for RV growth being more 

sensitive to the effects of coinfection in alveolar macrophages than PR8 growth. 

 

 

Figure 3.3. Coinfection in murine alveolar macrophages interfered with RV replication. MH-S cells were 

either inoculated with Mock (media), RV (MOI=1), or PR8 (MOI=1) 12 hours before either PR8 (MOI=1) or 

RV (MOI=1) inoculation. Cells were incubated for 24 hours after the second virus inoculation before 

collecting media. PR8 and RV were quantified by TCID50 assay on MDCK and HeLa cells, respectively. A) 

PR8 titer from single infected cells (Mock/PR8) is a red bar, and PR8 titer from coinfected cells (RV/PR8) is a 

blue bar. B) RV titer from single infected cells (Mock/RV) is a red bar, and RV titer from coinfected cells 

(PR8/RV) is a blue bar. The limit of detection for this assay is represented by the dotted line. 

 

3.3 Discussion 

 Viral interference can be influenced by several subtleties of infection that combine to 

produce the effects seen. Some infection components are the viruses involved, inoculation 

dose of each virus, the timing of each virus, etc. Which viruses are involved relates to what 

immune responses are induced by infection and establishment of a strong versus weak 

antiviral state. Inoculation doses affect whether all susceptible cells are infected by each 

virus or if there are pockets of infection that limit potential interactions between coinfecting 

viruses. Inoculation timings are imperative because it establishes if one virus has an 

advantageous head start on replication over another virus.  
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 The goal of this study was to establish if viral interference witnessed in vivo was 

attributed to virus-virus interactions or if it were dependent upon large scale immune 

responses. To test this, we inoculated a murine lung epithelial cell-line with RV and PR8 

while varying timings and doses of inoculations. We also inoculated a murine alveolar 

macrophage cell line with RV and PR8 (only using one timing and dose scheme) to 

determine if any of the effects that were seen were cell line specific. In summation, PR8 

replication was more or less unaffected by the presence of another virus, whereas RV 

replication kinetics were altered during coinfection.  

PR8 growth curves during coinfection were consistently similar to growth curves 

from PR8 alone samples regardless of inoculation timing or dose. Interestingly, the only 

significant differences in PR8 titers recorded were when RV was inoculated six hours before 

PR8 at both an MOI of 1 and 2 (Fig. 3.1C and F). This PR8 titer decline in coinfected 

samples may be due to an initial infection by RV induced an antiviral response causing a 

reduction in the number of susceptible cells for PR8. But this option seems unlikely because 

we did not observe any evidence of this in earlier time points, and an antiviral state would 

have been initiated by 24 hpi (85).  Similar results were obtained from another lab using 

RSV and IAV. IAV titer was unaffected by simultaneous coinfection with RSV, but as 

timing between inoculations increased, IAV titers began to drop (120). This study suggests 

that the mechanism behind IAV and RSV interference is the high growth rate of IAV 

combined with IAV-induced IFN production and interference with protein synthesis 

between viruses. Contradictory to this, we did not find significant differences when RV was 

inoculated 12 hours before PR8. This implies that inoculation timing is a critical parameter 

for determining viral interference, and this can be further convoluted by which viruses are 

coinfected together. One explanation for why timing is a major factor is the responses to 

infection generated in the LA-4 cell line. RV infection in LA-4 cells modifies gene 

expression by 12 hours post-infection and this is maintained through 24 hours (85). Many of 

these affected genes are related to antiviral, MHC class presentation, and immune responses 

such as Mx1, 2’-5’-oligoadenylate synthase-related genes, type I IFN, and C-X-C motif 

chemokine 10. It would then be expected, given enough time, that RV would induce a strong 

enough antiviral response in LA-4 cells to inhibit PR8 replication. However, this was not the 

case here, and increasing the timing between inoculations to 12 hours did not affect PR8 
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replication. IAV has known mechanisms for bypassing antiviral responses such as 

nonstructural protein 1 (NS1) inhibiting type I IFN responses (121) or NA reducing tetherin 

functionality (122). The NS1 gene of IAV is capable of binding sequences of dsDNA 

specific to antiviral genes, preventing binding of transcriptional factors from locating their 

targets and inducing production of these genes (123). Another key mechanism IAV utilizes 

is the destruction of the type I interferon receptor (IFNAR). IAV hemagglutinin ubiquitin-

tags a subunit of IFNAR, leading to reduced expression of functional IFNAR (124). 

Reduction of this receptor would then reduce downstream signaling of type I interferon. 

These mechanisms could help PR8 normally replicate despite the immune responses 

activated by a prior RV infection.  

The effects of coinfection were more apparent when looking at RV replication over 

time. RV titers were reduced by both simultaneous and PR8 12 hours before RV coinfection 

(Fig. 3.2). Then when PR8 was inoculated six hours before RV, the coinfected RV growth 

curve was accelerated compared to RV alone growth curve. The reduction in RV replication 

fits with gene expression from PR8 infected LA-4 cells. PR8 continually alters gene 

expression changes in LA-4 cells from 12 hours to 24 hours post-infection with a strong 

induction of type I interferon, including induction of the type I interferon receptor (85). 

Induction of the type I receptor would contribute to a stronger type I interferon response by 

making cells more sensitive to secreted interferon while also further increasing type I 

interferon through cyclical feedback loops. This mechanism would help explain the reduced 

RV growth curves during coinfection as time progresses. Another potential mechanism is 

PR8 may be outcompeting RV for susceptible host cells. PR8 replicated to much higher 

titers in LA-4 cells than RV. This would allow PR8 to spread to susceptible host cells much 

faster than RV, potentially excluding RV from coinfecting these cells by increasing TLR3 

expression (85) which could thereby limit RV expansion by cytokine and chemokine 

production (125). It is interesting to note that PR8 inoculation six hours before RV increased 

RV titers at the early time points of infection (Fig 3.2). One explanation is PR8 may be 

reducing host cell protein synthesis, allowing RV to more easily establish an infection. But 

when PR8 is inoculated 12 hours before, PR8 has replicated to high enough degree that it is 

outcompeting RV for susceptible cells and the host cell responses may have rebounded to 

interfere with both PR8 and RV infection.  Increasing the virus doses lent credence to this 
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idea because RV replication was no longer strongly affected by coinfection when it was 

inoculated at a higher dose. Although these mechanisms do not explain how simultaneous 

RV and PR8 coinfection affects RV replication, it may be that PR8 can replicate at a faster 

rate and outcompetes RV for susceptible host cells. Further support for this potential is RV 

replication is limited by innate immune responses in a temperature dependent manner. RV 

replicates to higher titers at 33°C compared to 37°C, correlating with reduced interferon-

beta and antiviral responses (126). All experiments were incubated at 37°C, thus putting RV 

at a disadvantage. Temperature-dependent replication mechanisms in combination with the 

strong induction of antiviral genes and rapid replication rate by PR8 would explain how 

coinfection can reduce RV replication when inoculated at a MOI=1.  

Virus replication within cells can occur in many different locations of the cell. PR8 

replication is unique to RNA viruses because it happens in the nucleus of the cell (127) 

while RV replicates in the cytoplasm (128). This unique localization could explain why PR8 

is less affected by coinfection than RV. PR8 infection induces RIG-I activation and 

downstream production of type I IFN (129). The RIG-I-dependent pathway is a major 

contributor to recognition and downstream type I IFN production during RV infection (66). 

This PR8-mediated induction of RIG-I could prepare cells for a secondary infection, leading 

to a more rapid recognition and response to RV, thus potentially limiting the extent of RV 

replication we observe during coinfection. Alternatively, RV induces expression of both 

RIG-I and TLR3 (65), both of which recognize PR8 (130). However, because PR8 replicates 

in the nucleus, it can avoid recognition by cytoplasmic recognition receptors such as RIG-I. 

Our data agreed with this because we did not see many differences in PR8 replication during 

coinfection. These data further reflect that differences during rhinovirus and influenza 

coinfection depend on larger scale immune responses, e.g. cellular immune responses and 

not on virus-virus interactions. 

Finally, we were interested if the trends observed during in vitro coinfection were 

cell line specific. We used a murine alveolar macrophage, MH-S, cell line because these 

would be a common cell type encountered when infections spread to the lower respiratory 

tract. Again, PR8 was unperturbed by coinfection in macrophages. PR8 titers in coinfected 

and PR8 alone infected samples reached equivalent levels by 24 hpi (Fig. 3.3A). This result 



32 
 

is a little surprising because other groups report that IAV infection is abortive in similar 

alveolar macrophage cell types (117, 131, 132). One other group reports that PR8 replication 

in MH-S cells is minimal (133). MH-S cells have lost some typical features of primary 

murine alveolar macrophages, which may account for their ability to sustain PR8 infection 

(119). HRV does not establish a strong infection in human alveolar macrophages, but HRV 

RNA is detectable up to ten days after inoculation (134). However, HRV and RV are known 

to attenuate immune responses to subsequent stimuli in human alveolar macrophages (134) 

and MH-S cells (118). In our experiments, no RV titer was detected for coinfected samples 

at 24 hpi, whereas a small amount of RV was detected in single infected samples. Failure for 

RV to replicate in macrophages has been observed in other studies (61, 134, 135). Although 

RV does not replicate well in macrophages, RV still induces TNF-α and IL-6. This allows 

RV to still induce an immune response without having to establish an infection. These data 

in MH-S cells are analogous to the data obtained from LA-4 cells where PR8 replication is 

unaffected by coinfection while RV replication is reduced during coinfection.  

These data demonstrate that the effects of viral interference are dependent upon 

viruses involved and timing of viral infection. PR8 replication was mostly undisturbed 

during coinfection with both a lung epithelial cell-line and alveolar macrophages, regardless 

of the timing of viral inoculations. However, RV replication was altered during coinfection 

in both lung cell-line and alveolar macrophages. These effects may be dependent upon each 

viruses’ replicative speed in each cell line leading to competition for host cells or how each 

virus affects gene expression leading to a reduction in susceptible host cells. Future studies 

will need to be directed at identifying key antiviral genes in each cell line responsible for 

viral exclusion. 
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CHAPTER 4 

Respiratory Viral Coinfection Outcomes are Dependent upon Severity and 

Timings of Infections 

 

4.1 Overview 

 Respiratory viral coinfections have been observed to reduce or exacerbate disease 

severity compared to individual virus infections. It is not well understood how these viruses 

interact to affect disease severity. Although clinical studies can identify the effects of 

coinfection, they remain a snapshot in time and cannot clearly pinpoint the subtleties of 

infection that occur behind the scenes. A model system is needed to help identify the 

parameters of coinfection responsible for ameliorating or exacerbating disease severity.  

 Many studies have addressed the prevalence of respiratory viral coinfections both in 

hospitalized patients and community sampled individuals. Instances of patients hospitalized 

with coinfections range from 18 – 45% of virus-positive samples (2, 8, 11, 12, 38, 136). 

Interestingly, viral coinfection pairings may not be random and could be influenced by the 

compatibility of each coinfecting virus. One study reports that coinfections with adenovirus 

and HRV are more common than expected (11). Nolan et al. also report that coinfections 

with HRV and respiratory syncytial virus (RSV) are less prevalent than expected (11). 

Although Nolan et al. find HRV and RSV coinfection is less frequent than expected, this 

coinfection is often reported as being quite common in other studies (14, 47, 136). One 

group observes HRV being the most common virus detected during coinfection, but HRV 

also reduces the chances of co-detecting several other respiratory viruses (50). Coinfections 

involving CoV are reported at high frequencies with upwards of 70% of CoV detections 

involving another virus (8, 18, 19, 137). IAV is not as commonly found in coinfections as 

HRV or RSV. Martin et al. report that IAV is the least likely virus to be involved in a 

coinfection (8). One study finds IAV is the most commonly co-detected with RSV or HRV  

(20). However, other studies find HRV interferes with the circulation of IAV (49, 50). More 

information is needed to understand why some virus pairings are more frequent than others. 
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 There has yet to be a clear consensus for when coinfections are detrimental or 

beneficial to the host. Coinfections involving RSV typically increase disease severity 

compared to individual infections (20, 38, 40). These increases in disease severity are linked 

to increased obstructive airway disease, lower respiratory tract infections, and admittance to 

prenatal intensive care unit or general wards. However, RSV coinfections are also reported 

to not affect disease severity compared to single virus infections (14, 47). Coinfections 

involving RSV have even been observed to lessen disease severity (136). These trends are 

not unique to RSV and have been reported for HRV as well. HRV increases adenovirus 

disease severity during coinfection (38) but reduces IAV disease severity during coinfection 

(42). Once again, this trend is seen during CoV coinfections. CoV coinfections, including 

coinfections with RSV, are associated with reduced frequency of upper respiratory tract 

infections compared to CoV single infections (19, 137), whereas pandemic IAV coinfections 

with CoV have higher clinical severity compared to pandemic IAV infection alone (42). A 

viral coinfection model is necessary to determine if the effects of coinfection on disease 

severity are dependent upon virus pairings alone or in combination with other infection 

parameters that cannot be controlled in clinical studies. 

 Experimental models of coinfection have been used to explain the effects of 

coinfection in vivo. A ferret model tested coinfection of RSV and a pandemic H1N1 

influenza A virus (pH1N1) at different times. Pre-infection with pH1N1 3 and 7 days, but 

not 11 days, before RSV prevents the establishment of RSV infection in ferrets, whereas 

pre-infection with RSV does not interfere with subsequent pH1N1 infection (94). pH1N1 

infection induces a stronger inflammatory response compared to RSV, lending credence to 

an initial inflammatory response being the cause for interference with viral replication 

during coinfection. Another ferret model focused on unrelated influenza virus infections. 

Once again, pH1N1 prevents infection with a secondary virus, this time an IBV, when pre-

infected 1 and 3 days before secondary challenge (109). However, no protection from 

pH1N1 infection is seen when IBV was inoculated first. pH1N1 was thought to induce an 

inflammatory cytokine response that interfered with IBV infection, but this was not 

confirmed. A more common model to study respiratory coinfection is viral-bacterial 

coinfections, specifically influenza infection predisposing a host to a secondary bacterial 

infection (138-140). HRV infection predisposes mice to a secondary Hemophilus influenzae 
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infection by attenuating TLR-responses resulting in a decrease in neutrophil responses 

(118). Intranasal administration of Lactobacillus species 21 days before influenza 

inoculation increases mouse survival compared to mice receiving skim milk (141). These 

studies introduce important parameters of disease attenuation and exacerbation effects, 

which are dependent upon the organisms coinfecting the host and timing between 

coinfections. 

 A mouse model of respiratory viral coinfection allows for proper control of infection 

parameters not seen in clinical studies. The ability to vary each parameter individually 

during infection assists in determining the essential parameters during coinfection. We are 

interested in testing how specific virus pairings, doses, and order of virus infections alter 

disease severity compared to individual virus infections. Determining the essential criterion 

for coinfection effects will explain when a coinfection is detrimental versus beneficial 

compared to individual virus infections. 

Although we observed minimal effects during in vitro coinfection, the primary 

literature reports many examples of HRV preventing IAV infection or even modulating IAV 

disease. We were interested if coinfection with RV and PR8 would mimic results described 

in the literature when using a murine model. 

 

4.2 Results 

4.2.1 Rhinovirus attenuates disease severity during coinfection with influenza A virus 

 Single infection control mice were either inoculated with RV two days before Mock-

inoculation (media)(RV/Mock) or Mock-inoculation (media) two days before PR8 

(Mock/PR8).  Coinfected mice were inoculated with RV two days before inoculation with 

PR8 (RV/PR8) (Fig. 4.1). Mortality, weight loss, and clinical signs (lethargy, ruffling of fur, 

hunched posture, and labored breathing) were monitored for 14 days after PR8 inoculation. 

We designated a 25% weight loss as a humane endpoint for euthanasia.  
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Figure 4.1. RV and PR8 coinfection inoculation scheme.  

 

 Excitingly, RV attenuated PR8-induced disease severity when coinfected two days 

apart (Fig. 4.2). Mice inoculated with RV alone (RV/Mock) did not exhibit any signs of 

disease and remained healthy throughout the study. PR8 alone (Mock/PR8) infection was 

40% lethal with 2 of 5 mice succumbing to PR8 infection on day 8 (Fig. 4.2A). Mock/PR8 

mice reached 78% of the original weight, the peak of their weight loss, by day 8 before 

eventually recovering (Fig. 4.2B). Clinical signs were elevated from days 3 to 9 after PR8 

infection and limited to minor ruffling (Fig. 4.2C). Day 8 coincided with peak clinical signs, 

which included minor hunching and shallow or irregular breathing. Coinfected mice 

(RV/PR8) were protected from PR8-induced mortality with all mice survived until the end 

of the study (Fig. 4.1A). RV curtailed weight loss associated with PR8, and coinfected mice 

lost weight at a lower rate compared to PR8-infected mice (Fig. 4.1B). RV/PR8 coinfected 

mice reached 88% of original weight before recovering, one day before PR8 alone infection. 

Coinfection significantly reduced weight loss on days 7-14. Coinfection with RV two days 

before PR8 also reduced clinical signs in mice; RV/PR8 coinfected mice only exhibited 

minor hunching on days 5 and 6 (Fig. 4.2C).  
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Figure 4.2. RV attenuates PR8-induced disease when coinfected two days apart. Groups of 5-6 mice were 

inoculated with either Mock (media) or RV (7.6x106 TCID50/mouse) on day -2. Two days later on day 0, mice 

were then inoculated with either Mock (media) or PR8 (77.5 TCID50/mouse). Mice were then monitored for 

mortality, weight loss, and clinical signs (lethargy, ruffled fur, hunched back, labored breathing) for 14 days 

after PR8 inoculation. (A-C) RV and PR8 coinfection mortality (A), weight loss (B), and clinical scores (C). 

RV/Mock (black lines, closed squares), Mock/PR8 (red lines, open circles), RV/PR8 (blue lines, closed 

circles). Survival curves were compared using log-rank Mantel-Cox curve comparison versus Mock/PR8. 

Weight loss and clinical score data were compared using multiple Student’s t-tests versus Mock/PR8. P-values 

are shown as ** ≤ 0.01 or *** ≤ 0.001. 

 

4.2.2 Rhinovirus-mediated disease attenuation is not restricted to influenza A virus 

infection 

 We were curious if the effects seen during RV and PR8 coinfection were limited to 

this virus pairing, or if they would apply to coinfections with unrelated viruses. RSV and 

CoV are also commonly found in clinical coinfections (137). We used PVM and the 

respiratory-tropic MHV as models for RSV (86) and CoV (55), respectively. 

 Single infection control mice were either inoculated with RV two days before Mock-

inoculation (media)(RV/Mock) or Mock-inoculation (media) two days before PVM 

(Mock/PVM) or MHV (Mock/MHV). Coinfected mice were inoculated with RV two days 

before PVM (RV/PVM) or MHV (RV/MHV) (Fig. 4.3). Mice were monitored for mortality, 

weight loss, and clinical signs for 14 days after PVM or MHV inoculation. 
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Figure 4.3. Coinfection scheme for RV and either PVM or MHV. 

 

 Infection with PVM alone (Mock/PVM) was highly lethal and about 80% of mice 

succumbed to infection by day 8 (Fig. 4.4A). Weight loss in Mock/PVM infected mice 

began on day 5 and rapidly increased until mice succumbed to disease (Fig 4.4B). Clinical 

signs appeared on day 4, and quickly increased by day 8, correlating with weight loss (Fig. 

4.4C). Clinical signs began as mild ruffling on day 4, and by day 6 mice exhibited moderate 

lethargy, ruffling, and labored breathing and mild hunching. Mice coinfected with RV two 

days before PVM (RV/PVM) were all protected from mortality (Fig. 4.4A), weight loss 

(Fig. 4.4B), and clinical signs (Fig. 4.4C) associated with Mock/PVM infections (Fig. 4.4A). 

No RV/PVM coinfected mice succumbed to PVM infection. Surprisingly, RV/PVM 

coinfected mice experienced very minimal weight loss, which was not significantly different 

than healthy mice inoculated with RV alone. Coinfected mice exhibited minor ruffling on 

days 8 and 9, but signs were quickly resolved. 
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Figure 4.4. Pre-infection with RV attenuated disease severity of multiple, unrelated viruses. Mice were 

either inoculated with Mock (media) or RV (7.6x106 TCID50/mouse) on day -2. On day 0, mice were either 

inoculated with Mock (media), PVM (1.0x104 TCID50/mouse), or MHV (2.0x105 PFU/mouse). Mice were 

monitored for mortality, weight loss, and clinical signs (lethargy, ruffling fur, hunching, labored breathing) for 

14 days after PVM or MHV inoculation. (A-C) RV and PVM coinfection mortality (A), weight loss (B), and 

clinical scores (C). RV/Mock (black lines, closed squares), Mock/PVM (red lines, open circles), RV/PVM 

(blue lines, closed circles). (D-F) RV and MHV coinfection mortality (A), weight loss (B), and clinical signs 

(C). Mock/MHV (red lines, open circles), RV/MHV (blue lines, closed circles). Survival curves were 

compared using log-rank Mantel-Cox curve comparison versus Mock/PVM or Mock/MHV. Weight loss and 

clinical score data were compared using multiple Student’s t-tests versus Mock/PVM or Mock/MHV. P-values 

are shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 
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 RV/MHV coinfection disease kinetics more closely resembled RV/PR8 rather than 

RV/PVM coinfections. MHV alone (Mock/MHV) infection was 100% lethal, and mice 

succumbed to the infection starting day 4 until day 7 (Fig. 4.4D). The onset of weight loss in 

Mock/MHV infected mice was rapid following MHV inoculation. Mock/MHV mice initially 

lost weight on day 2 and progressed to day 6 and 7 (Fig. 4.4E). Initial clinical signs observed 

on day 1 were limited to minor ruffling, but by day 4, signs progressed to mild lethargy and 

labored breathing with moderate hunching and severe ruffling (Fig. 4.4F). As the study 

progressed, labored breathing and lethargy increased to moderate severity. Mice coinfected 

with RV two days before MHV (RV/MHV) were protected from mortality, and all mice 

survived until day 14 (Fig. 4.4D). However, RV/MHV coinfected mice were not protected 

from weight loss. Coinfected mice even lost weight on day 1, one day sooner than the 

Mock/MHV group (Fig. 4.4E). Coinfected mice maintained greater weight loss than 

Mock/MHV mice until day 2, when the rate of weight loss lessened. RV/MHV coinfected 

mice continued to lose weight until reaching 83% of the original weight on day 6 before 

recovering from the infection. Clinical signs in coinfected mice were restricted to ruffling 

and hunching. Mild ruffling appeared on day 3 and increased to moderate ruffling with mild 

hunching by day 5 before eventually resolving by day 9 (Fig. 4.4F). Interestingly, RV 

attenuated both PVM and MHV disease severity, but disease kinetics were unique to each 

pairing. 

 

4.2.3 Disease attenuation during coinfection is not limited to rhinovirus infections 

 After we discovered that RV attenuated disease severity for multiple, unrelated 

secondary viral infections, we were then interested if similar outcomes could be achieved 

when changing the primary infection. We then tested if MHV was capable of protecting 

mice from PR8 and PVM disease during coinfection. Because our initial studies using MHV 

were 100% lethal, we chose to reduce the dose by 100-fold, producing a milder MHV 

infection. To test this, single infection control mice were inoculated with MHV two days 

before Mock-inoculation (media)(MHV/Mock) or Mock-inoculated two days before PR8 

(Mock/PR8) or PVM (Mock/PVM). Coinfected mice were inoculated with RV two days 
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before PR8 (RV/PR8) or PVM (RV/PVM) (Fig. 4.5). Mortality, weight loss, and clinical 

signs were monitored daily for 14 days after PR8 or PVM inoculation. 

  

Figure 4.5. Coinfection scheme for MHV and either PR8 or PVM. 

 

 As opposed to coinfections with RV, coinfections with MHV seemed to be 

dominated by MHV disease kinetics. No mortality was observed when mice were infected 

with MHV alone (MHV/Mock) (Fig. 4.6A). However, MHV/Mock-infected mice lost 

weight on day 0 and continued until reaching 15% weight loss was reached on day 4 before 

slowly recovering by day 14 (Fig. 4.6B). Clinical signs in MHV-infected mice paralleled 

increases in weight loss. Clinical signs appeared on day 0 as minor ruffling and hunching 

and increased by day 5 to include minor breathing changes (Fig. 4.6C). PR8-infected mice 

(Mock/PR8) exhibited about 80% mortality by day 11 (Fig. 4.6A). Mock/PR8 infected mice 

lost weight on day 4 and reached peak weight loss of 23% original weight on day 9 before 

recovery (Fig. 4.6B). PR8-infected mice began displaying clinical signs on day 4 as mild 

ruffling, which increased to mild lethargy and moderate ruffling, hunching, and labored 

breathing by day 9 (Fig. 4.6C). Coinfection with MHV two days before PR8 (MHV/PR8) 

reduced PR8-induced mortality to 0% (Fig. 4.6A), and weight loss of coinfected mice 

resembled the MHV/Mock group more than the Mock/PR8 group (Fig. 4.6B). Coinfected 

mice initially lost weight on day 0 and slowly increased until day 9 when peak weight loss 

was reached at about 17% of original weight. It is important to note that although coinfected 

mice did not recover on day 4, similar to MHV-infected mice, their peak weight loss was 

lower than Mock/PR8 mice. MHV/PR8 coinfected mice displayed clinical signs between 

days 0-6; clinical signs were limited to minor ruffling and hunching with sporadic minor 

lethargy (Fig. 4.6C). 
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Figure 4.6. Initial infection by MHV reduced both PR8- and PVM-induced disease. Mice were either 

inoculated with Mock (media) or MHV (2.0x103 PFU/mouse) on day -2. On day 0, mice were either inoculated 

with Mock (media), PR8 (77.5 TCID50/mouse), or PVM (1.0x104 TCID50/mouse). Mice were monitored for 

mortality, weight loss, and clinical signs (lethargy, ruffling fur, hunching, labored breathing) for 14 days after 

PR8 or PVM inoculation. (A-C) MHV and PR8 coinfection mortality (A), weight loss (B), and clinical signs 

(C). MHV/Mock (black lines, closed squares), Mock/PR8 (red lines, open circles), MHV/PR8 (blue lines, 

closed circles). (D-F) MHV and PVM coinfection mortality (A), weight loss (B), and clinical signs (C). 

MHV/Mock (black lines, closed squares), Mock/PVM (red lines, open circles), MHV/PVM (blue lines, closed 

circles). Survival curves were compared using log-rank Mantel-Cox curve comparison versus Mock/PR8 or 

Mock/PVM. Weight loss and clinical score data were compared using multiple Student’s t-tests versus 

Mock/PR8 or Mock/PVM. P-values are shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 

 

 Similar disease attenuation was achieved during MHV/PVM coinfection compared 

to MHV/PR8 coinfection. PVM-infection (Mock/PVM) was 90% lethal by day 8 (Fig. 
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4.6D). Mock/PVM mice experienced rapid weight loss from day 5 to 7 (Fig. 4.6E). Clinical 

signs were observed in Mock/PVM infected mice on day 5 as mild lethargy and moderate 

ruffling, hunching, and labored breathing (Fig. 4.6F). Signs increased to severe ruffling and 

moderate-severe lethargy, hunching, and labored breathing. The disease kinetics in 

MHV/PVM coinfected mice matched that of MHV/Mock infected mice. MHV/PVM 

coinfected mice were protected from PVM-induced mortality, and 90% of mice survived 

until the end of the study (Fig. 4.6D). Coinfected mice lost weight from days 0-2 and then 

plateaued at about 13% weight loss until day 4 before starting to regain weight (Fig. 4.6E). 

Clinical signs in coinfected mice were mainly limited to minor ruffling and sporadic minor 

hunching observed through days 0-5 (Fig. 4.6F). These data lend credence to clinical reports 

that multiple viruses can attenuate disease from unrelated viruses, but the degree of disease 

attenuation is dependent upon which viruses are involved. 

 

4.2.4 Severity of infections influences the effects of coinfection 

 Clinical studies provide a snapshot of infection but cannot inform on all parameters 

of infection. One crucial gap in information is clinical data cannot distinguish the severity of 

individual infections during coinfection. A murine model allows us to vary the dose of each 

virus inoculated. Thus, we gain the power to control disease severities of the viruses 

involved. We were interested in testing how varied doses of both primary and secondary 

infections affected coinfection-mediated disease attenuation. 

 We first tested if RV could attenuate a moderate or severe PR8 infection when 

inoculated two days apart. Mice were either inoculated with Mock (media) or RV two days 

before a low (mild), medium (moderate), or high (severe) dose of PR8 (Fig. 4.7). Mice were 

monitored daily for mortality, weight loss, and clinical signs for 14 days after PR8 

inoculation. 
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Figure 4.7. Coinfection scheme with RV inoculation two days before a mild, medium, and severe PR8 

infection. PR8Low dose is a mild infection, PR8Med dose is a moderate infection, and PR8Hi dose is a severe 

infection. 

 

 As expected, RV-mediated disease attenuation was less effective as the severity of 

PR8 infection increased. Both single and coinfection with mild PR8 (PR8Low) infection were 

explained above (Fig. 4.2), and further explanation will be omitted here, but data will be 

included in Fig. 4.8A-C for comparison. Inoculation of a moderate dose of PR8 

(Mock/PR8Med) resulted in a more lethal phenotype than a mild dose of PR8 infection, and 

100% of mice succumbed to infection by day 8 (Fig. 4.8D). Mock/PR8Med infected mice lost 

weight on day 3, which progressed to day 8 until all mice reached the designated weight 

cutoff for humane euthanasia (Fig. 4.8E). Clinical signs were also elevated in Mock/PR8Med 

infected mice compared to a single infection. Signs first appeared on day 3 as minor ruffling 

and hunching and quickly progressed to moderate ruffling with minor lethargy, hunching, 

and labored breathing by day 6 (Fig. 4.8F). Coinfection with RV two days before moderate 

PR8 (RV/PR8Med) still attenuated PR8 disease, but to a lesser extent compared to mild PR8 

coinfection. RV/PR8Med coinfected mice were not completely protected from PR8-induced 

mortality and 70% (5 out of 7) of mice succumbed to PR8 infection by day 10 (Fig. 4.8D). 

Coinfected mice also exhibited increased weight loss compared to mild PR8 coinfection 

(RV/PR8Low), closely resembling the Mock/PR8Med curve. RV/PR8Med coinfected mice lost 

weight on day 3 and progressed to day 8 before the remaining mice recovered and regained 

weight (Fig. 4.8E). Clinical signs were increased in RV/PR8Med coinfected mice compared 

to RV/PR8Low coinfected mice. Signs initially displayed as minor ruffling on day 3 and 

progressed to moderate ruffling with minor lethargy and hunching on days 6 and 7 in 
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RV/PR8Med coinfected mice (Fig. 4.8F). No differences in mortality, weight loss, or clinical 

signs were observed between mice infected with severe PR8 alone (Mock/PR8Hi) and mice 

coinfected with RV and severe PR8 (RV/PR8Hi). Both Mock/PR8Hi and RV/PR8Hi groups of 

mice experienced 100% mortality by day 7 and 6, respectively (Fig. 4.8G). Single and 

coinfected mice lost weight at identical rates, which began on day 3 and continued until each 

group reached the 75% weight cutoff (Fig. 4.8H). Clinical signs in Mock/PR8Hi infected 

mice appeared on day 2 as minor ruffling and reached the peak on day 7 with severe ruffling 

and hunching accompanied by moderate lethargy and labored breathing (Fig. 4.8I). 

RV/PR8Hi coinfected mice exhibited signs on day 3 as moderate ruffling and minor lethargy 

and labored breathing and peaked on day 5 as moderate ruffling and hunching with minor 

lethargy and labored breathing. These data demonstrate that RV-mediated disease 

attenuation is dependent upon the severity of the secondary PR8 infection. 
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Figure 4.8. RV-mediated disease attenuation was reduced as the severity of PR8 increased. Groups of 5-6 

BALB/c mice were inoculated with Mock (media) or RV (7.6x106 TCID50/mouse) on day -2. On day 0, mice 

were inoculated with Mock (media) or PR8 (77.5 (low), 150 (medium), or 7.5x103 (high) TCID50/mouse). 

Mice were then monitored for mortality, weight loss, and clinical scores (lethargy, ruffled fur, hunched back, 

labored breathing) for 14 days after PR8 inoculation. (A-C) RV and low dose PR8 coinfection mortality (A), 

weight loss (B), and clinical scores (C). (D-F) RV and medium dose PR8 coinfection mortality (D), weight loss 

(E), and clinical scores (F). (G-I) RV and high dose PR8 coinfection mortality (G), weight loss (H), and 

clinical scores (I). RV/Mock (black lines, closed squares), Mock/PR8 (red lines, open circles), RV/PR8 (blue 

lines, closed circles). Survival curves were compared using log-rank Mantel-Cox curve comparison versus 

Mock/PR8. Weight loss and clinical score data were compared using multiple Student’s t-tests versus 

Mock/PR8. P-values are shown as ** ≤ 0.01 or *** ≤ 0.001. 

 

 Next, we wanted to know how varying the severity of the primary infection would 

affect coinfection-mediated disease attenuation. Inoculation of a high dose of RV in mice 

elicits a rapid cytokine and chemokine response complemented by short neutrophil 

recruitment to the lungs. However, RV does not establish a strong, lasting infection and RV 

viral loads rapidly decrease post-inoculation (52). Given RV’s poor infection in mice 

following a high dose of inoculation, we did not believe this would serve as a good model 

for varied infection severity. Instead, we decided to test varied doses of MHV during 

coinfection with PR8. We wanted to find a dose of MHV that attenuated PR8-induced 
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disease without inducing the dramatic weight loss seen in initial MHV/PR8 coinfection 

experiments (Fig. 4.6B). 

 Mice were either inoculated with Mock (media), 2x102 TCID50/mouse (mild), 1x103 

TCID50/mouse (moderate), or 2x103 TCID50/mouse (severe) MHV infection two days before 

inoculating with either Mock (media) or PR8 (Fig. 4.9). Mice were monitored for mortality, 

weight loss, and clinical signs for 14 days following PR8-inoculation. 

 

 

Figure 4.9. Varied severity of MHV coinfected with PR8 scheme. MHV200 is a mild infection, MHV1000 is a 

moderate infection, and MHV2000 is a severe infection. 

 

 MHV-mediated attenuation of PR8 disease was dependent upon the initial severity of 

MHV infection. Mice infected with PR8 alone (Mock/PR8) all succumbed to infection by 

day 6 (Fig. 4.10A). Weight loss in Mock/PR8 infected mice began on day 3 and rapidly 

increased to the designated 75% cutoff for euthanasia on day 6 (Fig. 4.10B). Clinical signs 

in Mock/PR8 infected mice correlated with weight loss, and signs appeared on day 3 with 

minor lethargy, ruffling, and hunching and peaked on day 6 with severe ruffling, moderate 

breathing complications, and minor lethargy and hunching (Fig. 4.10C). Severe MHV-

infection (MHV2000/Mock) was 20% (1 of 5) lethal by day 3, while the remaining mice 

survived until day 14 (Fig. 4.10A). Mice that received a severe dose of MHV 

(MHV2000/Mock) lost weight from days 0-2 before regaining weight on days 4-14 (Fig. 

4.10A). MHV2000/Mock infected mice also maintained peak signs from days 1-5, displayed 

as moderate ruffling with minor lethargy, hunching, and breathing complications before 

signs diminished by day 13 (Fig. 4.10C). Mortality and weight loss were similar between 
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severe MHV-infected mice and coinfected mice (MHV2000/PR8). MHV2000/PR8 coinfection 

was 20% lethal; 1 of 5 mice succumbed to the infection on day 5, two days later than severe 

MHV alone infection (Fig. 4.10A). Coinfected mice lost weight at the same rate as severe 

MHV-infected mice, but convalescence was delayed in coinfected mice until day 11 when 

coinfected and MHV/Mock-infected mice began to match in weight again (Fig. 4.10B). 

Initial clinical signs on days 1-5 in coinfected mice matched severe MHV infection alone, 

but coinfected mice maintained low-level signs until the end of the study (Fig. 4.10C). 

 

 

Fig 4.10. MHV-mediated attenuation of PR8 disease was dependent on the severity of MHV infection. 

Groups of 5-6 BALB/c mice were inoculated with Mock (media) or MHV (2.0x103 (MHV2000), 1.0x103 

(MHV1000), or 2.0x102 (MHV200) TCID50/mouse) two days before PR8 (77.5 TCID50/mouse). Mice were then 

monitored for mortality, weight loss, and clinical signs of disease (lethargy, ruffled fur, hunched back, labored 

breathing) for 14 days after PR8 inoculation. (A-C) MHV2000 and PR8 coinfection mortality (A), weight loss 

(B), and clinical signs (C). (D-F) MHV1000 and PR8 coinfection mortality (D), weight loss (E), and clinical 

scores (F). (G-I) MHV200 and PR8 coinfection mortality (G), weight loss (H), and clinical scores (I). 

MHV/Mock (black lines, closed squares), Mock/PR8 (red lines, open circles), MHV/PR8 (blue lines, closed 

circles). Survival curves were compared using log-rank Mantel-Cox curve comparison versus Mock/PR8. 

Weight loss and clinical score data were compared using multiple Student’s t-tests versus Mock/PR8. P-values 

shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤0.001. 
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 Coinfection using a moderate MHV dose still attenuated PR8-induced disease. 

However, the disease was more prolonged compared to coinfection with a severe MHV 

dose. Infection with moderate MHV alone (MHV1000/Mock) was no longer lethal (Fig. 

4.10D), but was associated with rapid weight loss. MHV1000/Mock infected mice lost weight 

on day 0 until day 2 and then regained weight on day 3 until the end of the study (Fig. 

4.10E). Clinical signs in moderate MHV-infection exhibited primarily as minor ruffling and 

hunching with sporadic minor lethargy and labored breathing from day 0 until day 8 before 

signs resolved (Fig. 4.10F). Although moderate MHV-infection was not lethal, coinfection 

with moderate MHV two days before PR8 (MHV1000/PR8) was 17% lethal by day 8 (Fig. 

4.10D). Weight loss during moderate MHV and PR8 coinfection had two discernable peaks. 

MHV1000/PR8 coinfected mice initially lost weight from days 0-1 before weight plateaued 

on days 2-7 followed by a second weight loss peak around day 10 (Fig. 4.10E). Coinfected 

mice failed to fully recover their starting weight by the end of the study. Clinical signs in 

coinfected mice initially displayed on day 1 and progressed until days 9 and 10 before 

slowly diminishing (Fig. 4.10F). Clinical signs in coinfected mice presented as minor 

lethargy, ruffling, and hunching before they progressed to moderate lethargy and ruffling 

with minor hunching and labored breathing. 

 Finally, coinfection with a mild MHV infection and PR8 produced the poorest 

attenuation of PR8 disease. Mild MHV alone (MHV200/Mock) was not lethal (Fig. 4.10G) 

and only induced transient, minor weight loss on days 0-1 (Fig. 4.10H). Clinical signs in 

mild MHV alone infection were limited to minor ruffling from days 0-7 before returning to 

baseline (Fig. 4.10I). Coinfection with a mild MHV infection two days before PR8 

(MHV200/PR8) resulted in 50% mortality by day 11 (Fig. 4.10G). Similar to moderate MHV 

coinfection, mice coinfected with a mild MHV infection also had two discernable weight 

loss peaks, but the second peak during coinfection with a mild MHV-infection was more 

pronounced and severe compared to coinfection with a moderate MHV infection. Mild 

MHV coinfected mice initially lost weight from days 1-2 before a small increase in weight 

on day 3 (Fig. 4.10H). Coinfected mice did not exhibit any clinical signs associated with 

initial weight loss on days 0-1, but signs appeared during the secondary weight loss peak on 

days 2-12 (Fig. 4.10I). Coinfected mice initially presented with minor lethargy, ruffling, and 

hunching. Signs quickly progressed to moderate lethargy and ruffling with minor hunching 



50 
 

and labored breathing during the second peak in weight loss. These experiments provide 

evidence for coinfection-mediated disease attenuation being dependent upon the severity of 

the initial viral infection. 

 

4.2.5 Effects of coinfection are dependent upon the timing of virus inoculations 

 As stated above, clinical reports lack the ability to discern the level of initial virus 

exposure before admittance to a hospital. Similarly, if clinicians identify multiple viruses in 

a patient, they cannot determine when that patient contracted each virus. This ignorance 

could mask why some viral coinfection pairings are reported to exacerbate disease in one 

study, while another study reports no differences in disease severity. Using our murine 

model of viral coinfection, we were interested in whether the timing of each virus infection 

affected disease severity. 

 To test this, mice were either inoculated with Mock (media) or RV two days before, 

simultaneously with, or two days after inoculation with a low (mild) or medium (moderate) 

dose of PR8 or PVM (Fig 4.11). Mice were monitored daily for mortality, weight loss, and 

clinical signs for 14 days after PR8 or PVM inoculation. 

 

 

Figure 4.11. Varied timings of coinfection inoculation scheme. PR8 inoculations were given at both low 

(mild) and medium (moderate) doses for all timings. 

 

 All mice succumbed to a moderate PR8-infection (Mock/PR8med) by day 8 (Fig. 

4.12A).  Rapid weight loss (Fig. 4.12B) and elevated clinical signs (Fig. 4.12C) began on 

day 3 and progressed until day 8. Coinfection with RV two days before moderate PR8 

infection (RV/PR8Med) was described above (Fig. 4.8) and will not be discussed here, but 
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mortality (Fig. 4.12A), weight loss (Fig. 4.12B), and clinical signs (Fig. 4.12C) data are 

shown for comparison. RV coinfected simultaneously with (RV+PR8Med) and two days after 

(PR8Med/RV) moderate PR8 infection did not attenuate PR8 disease in contrast to infection 

with RV two days before PR8 (RV/PR8Med). Coinfection with RV simultaneously with and 

two days after PR8 were 100% lethal, and all mice succumbed to the infection on day 8 and 

day 7, respectively (Fig. 4.12A). There were no differences in weight loss observed between 

either RV+PR8Med or PR8Med/RV and Mock/PR8Med (Fig. 4.12B). Mice simultaneously 

coinfected with RV and moderate PR8 exhibited similar levels of clinical signs as 

Mock/PR8Med infected mice from days 3 to 8 (Fig. 4.12C): intermittent moderate ruffling 

accompanied by minor lethargy, hunching, and sporadic labored breathing. However, 

coinfection with RV two days after PR8Med exhibited elevated signs from days 3 to 5, with a 

significant difference found on day 5 (Fig. 4.12C). Initial signs displayed by PR8Med/RV 

coinfected mice were moderate ruffling with minor lethargy and ruffling before quickly 

rising to severe ruffling, moderate hunching, and minor lethargy and labored breathing. 

 RV-mediated disease attenuation was reduced as the timing between virus 

inoculations was shortened. Mice infected with a low dose of PR8 (Mock/PR8Low) all 

succumbed to infection by day 9 (Fig. 4.12D) after continuous weight loss from day 3 on 

(Fig. 4.12E). Mock/PR8Low mice displayed minor ruffling on day 3, and signs increased to 

severe ruffling with moderate lethargy, hunching, and labored breathing by day 6 (Fig. 

4.12F). In contrast to simultaneous coinfection with RV and moderate PR8 infection, RV 

still retained the ability to attenuate PR8 disease when coinfected simultaneously with a mild 

dose of PR8. RV+PR8Low coinfection was 33% lethal by day 9 (Fig. 4.12D). Simultaneously 

coinfected mice were not protected from PR8-induced weight loss and the weight loss curve 

matched Mock/PR8Low group until day 6. However, coinfected mice stopped losing weight 

by day 7 and began recovering on day 10 (Fig. 4.12E). Clinical signs were also similar 

between PR8 alone and simultaneously coinfected mice until day 8, when coinfected mice 

displayed fewer signs overall (Fig. 4.12F). Although the average clinical scores were similar 

between Mock/PR8Low and RV+PR8Low, coinfected mice only exhibited moderate ruffling, 

whereas singly infected mice exhibited severe ruffling. 
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 It is of particular importance to note that not only was PR8 disease attenuation lost 

when RV was inoculated two days after a mild PR8 infection (PR8/RV), but PR8 disease 

was exacerbated compared to mice infected with PR8 alone. PR8/RV coinfected mice 

initially succumbed to the infection on day 5, two days sooner than any other mild PR8 

infection scheme (Fig. 4.12D). All PR8/RV coinfected mice succumbed to PR8 infection by 

day 7. Initial weight loss during PR8/RV coinfection occurred on the same day, day 3, as 

other coinfected and singly infected groups, however, the extent of weight loss was greater 

for PR8/RV mice than the other groups (Fig. 4.12E). Mice inoculated with RV two days 

after PR8 lost weight throughout the experiment and maintained a higher rate of weight loss 

than singly infected mice. Finally, PR8/RV mice began displaying higher average clinical 

scores than other coinfected and singly infected groups on day 3, and this trend continued 

throughout the experiment (Fig. 4.12F). Mice inoculated with RV two days after PR8 

infection initially displayed moderate ruffling with some mild hunching on day 3, which 

rapidly progressed to severe ruffling and moderate lethargy, hunching, and breathing 

complications by day 4. This progressed to include moderate-severe lethargy and breathing 

complications by day 6. These data demonstrate that RV-mediated PR8 disease attenuation 

is dependent upon the timing between virus inoculations and the severity of the infection. 

For the most effective modulation of PR8 disease, RV requires at least two days before a 

subsequent challenge with a mild or moderate PR8 infection. However, more time could 

prove to be more effective than two days between inoculations, and more experiments will 

be needed to focus on further effects of inoculation timing. 
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Figure 4.12. Timing of virus inoculations affected RV-mediated attenuation of PR8 disease. Groups of 6-7 

BALB/c mice were inoculated with Mock (media) or RV (7.6x106 TCID50/mouse) two days before (RV/PR8), 

simultaneously with (RV+PR8), or two days after (PR8/RV) PR8 (77.5 (low) or 150 (medium) 

TCID50/mouse). Mice were then monitored for mortality, weight loss, and clinical signs (lethargy, ruffled fur, 

hunched back, labored breathing) for 14 days after PR8 inoculation. (A-C) RV and medium dose PR8 

coinfection mortality (A), weight loss (B), and clinical signs (C). (D-F) RV and low dose PR8 coinfection 

mortality (D), weight loss (E), and clinical signs (F). Mock/PR8 (red lines, open circles), RV/PR8 (blue lines, 

closed circles), RV+PR8 (blue dashed lines, closed circles), PR8/RV (blue dotted lines, closed circles). 

Survival curves were compared using log-rank Mantel-Cox curve comparison versus Mock/PR8. Weight loss 

and clinical score data were compared using multiple Student’s t-tests versus Mock/PR8. P-values are shown 

as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 

 

 Curiously, RV-mediated attenuation of PVM disease was less influenced by 

variations in the timing of inoculations. Infection with PVM alone (Mock/PVM) was 100% 
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lethal; all mice succumbed to infection by day 8 (Fig. 4.13A). Mock/PVM mice began 

losing weight on day 3 and steadily increased until day 8 when all mice had reached the 

designated 75% weight cutoff for euthanasia (Fig. 4.13B). PVM singly infected mice 

displayed minor ruffling on day 4 and progressed to severe lethargy, ruffling, labored 

breathing, and moderate hunching by day 6 (Fig. 4.13C). Coinfection with RV two days 

before PVM (RV/PVM) was detailed above and will not be discussed here, but mortality 

(Fig. 4.13A), weight loss (Fig. 4.13B), and clinical signs (Fig. 4.13C) data are shown for 

comparison. Interestingly, RV+PVM coinfected mice were all protected from mortality (Fig. 

4.13A), weight loss (Fig. 4.13B), and clinical signs (Fig. 4.13C). All simultaneously 

coinfected mice survived until the end of the study and experienced minimal weight loss; the 

peak weight loss was 7% on day 7. Coinfected mice displayed no signs of infection except 

for day 4 when 3 of 7 mice exhibited mild ruffling. When mice were coinfected with RV 

two days after PVM (PVM/RV), coinfection no longer attenuated disease severity. RV 

coinfection two days after PVM (PVM/RV) was 100% lethal, and all coinfected mice 

succumbed to infection by day 8, similar to the Mock/PVM-infected group (Fig. 4.13A). 

Weight loss in PVM/RV coinfected mice was almost identical to that in Mock/PVM infected 

mice. PVM/RV coinfected mice began losing weight on day 3 and increased until reaching 

the 75% weight cutoff on day 8 (Fig. 4.13B). PVM/RV coinfected mice exhibited minor 

ruffling on day 3, followed by moderate ruffling and hunching with minor lethargy and 

labored breathing on day 6 (Fig. 1C). These signs increased to severe lethargy with 

moderate ruffling, hunching, and labored breathing on day 8.  (Fig. 4.13C).  
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Figure 4.13. Timing of virus inoculations affected RV-mediated attenuation of PVM disease. Groups of 7 

BALB/c mice were inoculated with Mock (media) or RV (7.6x106 TCID50/mouse) two days before (RV/PVM), 

simultaneously with (RV+PVM), or two days after (PVM/RV) PVM (1.0x104 TCID50/mouse). Mice were then 

monitored for mortality, weight loss, and clinical signs (lethargy, ruffled fur, hunched back, labored breathing) 

for 14 days after PVM inoculation. (A-C) RV and PVM coinfection mortality (A), weight loss (B), and clinical 

scores (C). Mock/PVM (red lines, open circles), RV/PVM (solid blue lines, closed circles), RV+PVM (blue 

dashed lines, closed circles), PVM/RV (blue dotted lines, closed circles). Survival curves were compared using 

log-rank Mantel-Cox curve comparison versus Mock/PVM. Weight loss and clinical score data were compared 

using multiple Student’s t-tests versus Mock/PVM. P-values are shown as ** ≤ 0.01 or *** ≤ 0.001. 

 

4.3 Discussion 

Respiratory viral coinfections remain a metaphorical Pandora’s box because there is 

the potential for many interactions within the host. Clinical data cannot inform when a 

person contracts each virus or the severity of each infection by itself. This may explain why 

some coinfections are reported to be beneficial versus detrimental to the host. Our murine 

model of respiratory viral coinfection provides evidence that the effects of coinfection are 

dependent on both the timing and severity of each infection, while variations in coinfection 

dynamics, e.g., rates of weight loss and mortality, are based on which viruses are used. 

Our initial coinfection experiments determined that a minor group rhinovirus 

attenuated disease caused by multiple unrelated viruses: influenza A virus, pneumonia virus 

of mice, and mouse hepatitis virus. This fits with a trend observed by another group that 

found infection with HRV reduced the chances of infection by several other respiratory 

viruses, including IAV and RSV (50). Interestingly, when RV was inoculated two days after 

PVM, coinfection was not able to attenuate disease, and when given after PR8, the disease 

was exacerbated. Similarly, RV-mediated disease attenuation was reduced during 

coinfection with a moderate or severe PR8 infection. These data imply that RV induces an 

immune response capable of attenuating PR8 or PVM disease when given enough time 
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between inoculations. But when infection severity is increased, or timing before the 

secondary infection is reduced, RV-induced responses become overwhelmed, and 

attenuation is rendered less effective. 

Rhinovirus infection could influence disease severity by stimulating the immune 

system in two main ways: antiviral response or cellular response. An antiviral response, 

mediated by production of interferon and inflammatory cytokines, interferes with replication 

and spread of viruses during an infection. The antiviral response is usually accompanied by 

the recruitment of immune cells by production of chemokines during infection. The immune 

system uses these mechanisms to control and clear virus infections within the host. Eliciting 

an antiviral response is mediated through recognition of viruses by pattern recognition 

receptors (e.g., toll-like receptors) leading to stimulation of type I IFNs, which can regulate 

protein synthesis or cell susceptibility to infections. RV induces production of type I IFN 

through stimulation of TLR3, RIG-I, and MDA-5 and type III IFN through stimulation of 

RIG-I and MDA-5 (66). This is important because Bartlett et al. reported that RV induced 

production of both types I and III IFN in a mouse model (52). Knockdown of interferon 

regulatory factor 7 during RV infection suppressed type I IFN production, which was 

associated with a reduction in macrophage and neutrophil numbers in the airways (142). 

This implies that coinfection could use a coupled antiviral and cellular response to control a 

secondary infection by producing early type I IFN, leading to downstream activation of 

immune cells. TLR4 deficiency has been implicated in mouse susceptibility to MHV-

induced mortality (72). Recognition of RV by various PRRs may supplement MHV-

dependent signaling mechanisms leading to stronger interferon production generating a 

protective antiviral response. 

Type I and III IFNs are produced following IAV infection in mice (143, 144). Type I 

IFN production during IAV infection helps limit inflammation in the lungs (145). An 

increase in mortality and viral load is observed when type I IFN receptor (146) or interferon-

β (147) is knocked out during IAV infection. Knockout of type I IFN receptor dysregulates 

downstream chemokine production and recruitment of neutrophils. Type I IFN produced by 

an initial virus infection could then lead to downstream production of chemokines to recruit 

neutrophils and macrophages, which would be able to respond to a subsequent infection.  
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Type I IFNs do not work alone but in conjunction with type III IFNs. Type III IFNs are 

produced faster than type I and are preferentially produced during a sublethal IAV infection 

and is sufficient to control infection (148). Although both types I and III IFNs are required 

for efficient control of IAV, excessive amounts of type I IFN can be detrimental and is 

associated with increased IAV disease (149). Type I IFNs are produced up to day 6 during 

PVM-infection in mice (150, 151) and contribute to reducing PVM pathogenesis (152). 

Type III IFNs are also produced following PVM infection of RAW macrophages (153). 

Knockout of type I IFN receptor during PVM infection slightly increases survival of mice, 

but viral clearance is delayed in knockout mice. Increased survival may be linked to 

decreased neutrophils in knockout mice and altered inflammatory responses. Type III IFN 

remains poorly understood in the context of PVM infection. MHV induces the production of 

type I IFN in multiple strains of mice (55, 83). De Albuquerque et al. found MHV-resistant 

mouse strains produced higher amounts of type I IFN transcript than susceptible mice. 

Further studies found type I IFN receptor knockout mice (MHV-resistant strains) are more 

susceptible to MHV-induced mortality and weight loss and reduced viral clearance 

following infection (154, 155).  

This early induction of type I and III IFNs could limit inflammation when RV is 

inoculated two days before PVM or PR8. But when RV is inoculated two days after PVM, 

the protective effects of early interferon production are lost, and PVM-induced inflammation 

is no longer controlled, which fits our model of exacerbated disease observed when RV is 

inoculated two days after PR8. Another potential mechanism involved is an initial RV 

infection could be inducing recruitment of neutrophils and macrophages, which would be 

activated by type I IFN. These immune cells could then contribute to efficient control of a 

subsequent infection. This fits with the timing of infection experiments: coinfection-

mediated disease attenuation is reduced or lost when RV is inoculated simultaneously with 

PR8 or two days after PR8 and PVM because there is no longer early recruitment of immune 

cells. Further, we observed variability in attenuation of PR8 disease when we tested multiple 

severities of initial MHV infections. Mild MHV infection may not induce a strong enough 

interferon response leading to impaired recruitment of immune cells. Thus coinfection-

mediated disease attenuation is not as effective as a higher MHV infection severity. 
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RV infection in mice is known to induce mucin-5 subtypes A and C (Muc5AC) 

along with proinflammatory cytokines (52, 156, 157). While overexpression of Muc5AC in 

mice reduces both PR8 titers and recruitment of inflammatory cells (158), mucin genes are 

linked to pathogenesis during RSV (159) and IAV (34) infection. Since RV can induce 

mucin production, this could be involved in limiting early viral replication and spread, 

thereby limiting the overexpression of mucin genes associated with severe IAV and RSV 

infections. This hypothesis is supported by the finding that Schistosoma mansoni infection in 

mice induces early tumor necrosis factor alpha production and mucus secretion, which 

reduces PR8- and PVM-induced mortality during secondary challenge (160). But when RV 

is inoculated two days after PVM, this could help further exacerbate observed PVM disease. 

These responses can also work in conjunction with cellular responses of the immune system 

to help limit the spread of infection. 

The in vitro experiments from chapter 3 determined that RV did not affect PR8 

replication in lung epithelia. This implies that RV is stimulating an immune response 

partially dependent on cellular mechanisms, which help modulate secondary virus disease. 

Neutrophils are known to play a protective role against influenza infection, as evidenced by 

neutrophil depletion studies (53, 161). However, excessive neutrophil recruitment to the 

lungs damages alveolar architecture and increases the viral load (162). Initial infection with 

RV may be recruiting neutrophils, as Bartlett et al. report, leading to attenuation of PR8 

disease. These early recruited neutrophils would already be at the site of infection and 

primed to respond to a secondary virus. However, when time is reduced between RV and 

PR8, the RV-recruited neutrophils become harmful by contributing to extensive 

inflammation in the lungs and increase PR8 disease severity. This presumption correlates 

with the release of tumor necrosis alpha, cytokine linked to mucus production, from 

neutrophils correlating with mucus plugs during RSV pathology (159).  

Pre-infection with RV may prime alveolar macrophages, leading to protection from 

secondary virus infections. An initial rhinovirus infection in mice delays the clearance of a 

secondary bacterial infection (118). This delay is attributed to attenuating chemokine 

production from alveolar macrophages, which reducing neutrophil recruitment to the lungs. 

This study demonstrates that rhinovirus alters alveolar macrophage responses to a secondary 



59 
 

stimulus. Alveolar macrophages are susceptible to PVM and can produce infectious virions 

(163). One group reported that priming of alveolar macrophages with Lactobacillus 

plantarum reduced PVM infection of both alveolar macrophages and dendritic cells, and 

reduced the production of PVM virions from alveolar macrophages and promoted survival 

of infected mice (163). Alveolar macrophage depletion studies report an increase in 

mortality following influenza infections compared to healthy animals (164, 165). However, 

alveolar macrophage depletion improves survival during MHV infection in mice (166). 

Concomitantly, this RV priming effect may predispose alveolar macrophages to be less pro-

inflammatory or could control alveolar macrophage responses to ameliorate their 

detrimental effects during MHV infection. Attenuation during RV coinfection is most likely 

a combination of several effects leading to a more controlled immune response and reducing 

immune-mediated cytopathic effects during infections. 

Coinfection-mediated disease attenuation was not limited to RV but was also 

observed during coinfection with MHV and PR8 or PVM. Both coinfection of mice with 

MHV two days before PR8 or PVM disease kinetics mimicked kinetics observed in 

MHV/Mock infections. These data heavily imply that MHV infection is inducing an MHV-

dominated immune response in mice, which can suppress immune responses normally 

induced by PR8 or PVM. MHV infection in mice generates diffuse inflammation and 

recruits a large percentage of lymphocytes followed by macrophages but only a small 

percentage of neutrophils (72). This small but limited inflammatory cell recruitment may 

provide the same protection conveyed during RV coinfection. T cells are necessary for PVM 

clearance from the lungs (167), but these lymphocytes are also implicated in PVM-induced 

weight loss and inflammation (150, 167). T cell recruitment has been reported to protect 

mice against PR8 infection and adoptive transfer of activated T cells one day before PR8 

infection protected from PR8-induced mortality (168). These studies provide a potential role 

for early MHV-dependent recruitment of T cells contributing to control and clearance of 

both PR8 and PVM during coinfection. This early control could be limiting harmful effects 

induced by T cell responses observed at later time points in PVM and PR8 infection. We 

also discovered the degree of MHV-mediated reduction of PR8 disease was dependent upon 

the severity of MHV infection. This implies that if MHV does not establish a strong 
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infection, then recruited cells and inflammatory responses may also not be strong enough to 

reduce PR8-induced disease. 

Together, these data demonstrate that coinfection-mediated disease attenuation is 

dependent upon certain infection parameters. The severity of primary and secondary 

infections, along with timing and order of viral inoculations, exhibit strong influences on the 

outcome of respiratory viral coinfection. Both RV and MHV attenuated disease from 

multiple viruses leading to the idea that viral pairings may not have a significant effect on 

coinfection outcomes, but a combination of infection severity and timing is critical. 

Coinfection with multiple viruses can alter immune responses due to the induction of 

different immune pathways unique to each virus. These changes have the potential to 

supplement ineffective responses or exacerbate disease by overexpressing inflammatory 

mediators. More directed studies are required to tease out which infection parameters 

contribute to disease outcome during coinfection and which mechanisms are essential for 

attenuating disease severity. 
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CHAPTER 5 

Elucidation of Mechanisms that Contribute to Coinfection-Mediated 

Disease Attenuation 

 

5.1 Overview 

We previously found that both RV and MHV attenuated severe respiratory viral 

infections during coinfection. We also determined that RV- or MHV-mediated effects on 

disease severity during coinfection were unique to each virus pairing. The initial virus 

infection may heavily influence the immune responses during coinfection. Although RV and 

MHV are RNA viruses with respiratory tract tropisms, they are known to stimulate both 

common and unique immune responses during infection. 

RV is a well-known pathogen in humans, but this virus also stimulates some minor 

immune responses in mice. Other studies observe that RV stimulates the PRRs RIG-I, 

MDA5, and TLR3 in vitro (65, 66) and in vivo (68). RV stimulation of MDA5 and TLR3 are 

required for maximum type I and III IFN and chemokine responses. Similar to RV, MDA5 

is implicated in recognition of MHV in macrophages, resulting in the production of type I 

IFN (75, 169). Along with MDA5, activation of TLR4 is known to protect mice from lethal 

MHV infection (72). This early stimulation of MDA5 could be critical to control IAV. IAV 

recognition is thought to be dominated by RIG-I (170), but the NS1 protein of IAV silences 

MDA5 signaling, reducing type I IFN signaling (171). Early stimulation of PRRs could 

generate an antiviral state through the production of type I IFNs and downstream interferon-

stimulated genes that could overwhelm NS1 silencing and help recruit and activate immune 

cells. However, disease attenuation mediated by early induction of type I IFN is unlikely 

during MHV infection because studies with other strains of MHV report that MHV inhibits 

type I IFN production by failing to activate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) and interferon regulatory factor (IRF) 3 for nuclear translocation 

(172, 173). Our laboratory has also shown that lung epithelial cells infected by MHV fail to 

differentially express many type I IFNs and IFN receptor genes in vitro (85). This limited 
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type I IFN response could be beneficial to coinfection because an excessive type I IFN 

response is associated with increased mortality and weight loss in mice infected with IAV 

(149). These experiments suggest that coinfection-mediated disease attenuation may involve 

early type I IFN production and recruitment of immune cells. 

Recognition of infection is quickly followed by recruitment of inflammatory innate 

immune cells and then lymphocytes to the site of infection. Following the recognition of RV 

in a murine model, neutrophils are recruited to the lungs by the production of chemokines 

such as C-X-C motif chemokine ligand (CXCL) 1 and CXCL2 (52) in a C-X-C motif 

chemokine receptor (CXCR) 2-dependent manner (76). MHV is also known to rapidly 

recruit neutrophils to the lungs and peripheral organs during infection (169, 174, 175). 

Neutrophils are known to contribute to inflammation (162), but in the scope of IAV 

infection, they help limit IAV-induced peribronchiolar inflammation and alveolitis and 

promote survival of infected mice (176). Neutrophils recruited by RV and MHV may 

provide a strong frontline defense against subsequent PR8 infection and limit PR8-induced 

inflammation. Another mechanism for reduction of IAV-induced inflammation is seen 

during effector T cell infiltration. These infiltrating lymphocytes produce interleukin (IL)-10 

to help ameliorate immune-mediated pulmonary damage (177). Following RV-mediated 

recruitment of neutrophils, lymphocytes are recruited via the production of interferon 

gamma-induced protein 10 (IP-10) and C-C motif chemokine ligand 5 (CCL5) (52). MHV 

infection also recruits macrophages and lymphocytes at later time points during infection 

(55, 72, 169). Recruitment of inflammatory macrophages can help limit the spread of a 

secondary virus while recruitment of lymphocytes can expedite viral clearance and 

resolution of inflammation. 

Initial RV or MHV infection reduced the disease severity of a secondary lethal viral 

infection. Both RV and MHV induce shared immune responses through host recognition by 

PRRs, which lead to downstream production of type I IFNs and inflammatory mediators. 

However, our in vitro data suggest that coinfection-mediated disease attenuation is 

dependent upon a cellular immune response more than a type I IFN/antiviral state response. 

Here we use an in vivo model to determine the roles of recruited cells and 

cytokine/chemokine responses during RV or MHV coinfection with PR8 or PVM. 
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5.2 Results 

5.2.1 RV and MHV effects on PR8 replication in the lungs are unique to each virus 

 Experiments from chapter 4 determined that coinfection with either RV or MHV two 

days before PR8 attenuated PR8-induced disease. We were then interested if disease 

attenuation were associated with inhibition of PR8 replication. To test this, we inoculated 

mice with either Mock (media), RV, or MHV two days before inoculation with PR8. Groups 

of mice were euthanized, and lungs were collected on days 2, 4, 7, and 10 for RV and PR8 

coinfection or days 2 and 4 for MHV and PR8 coinfection. Lungs were homogenized, and 

PR8 was titrated by TCID50 assay on MDCK cells.  

PR8 replication was affected by coinfection with either RV or MHV. However, 

RV/PR8 and MHV/PR8 coinfections induced contrasting effects. RV inoculation two days 

before PR8 did not interfere with early PR8 replication but led to faster clearance of PR8 

from the lungs compared to mice infected with PR8 alone. PR8 titers peaked on day 2 

during both single infection (Mock/PR8) and coinfection (RV/PR8) (Fig. 5.1A). Although 

both groups shared comparable timings in peak viral titers, differences in PR8 clearance 

were observed. On day 7, PR8 singly infected mice retained PR8 titers around 104 TCID50 

per gram of lung. Interestingly, all coinfected mice, except one, had cleared PR8 from the 

lungs by day 7. Mock/PR8 infected mice eventually cleared PR8 from the lungs by day 10, 

three days after RV/PR8 coinfected mice. Thus, it is not the immediate early response 

induced by RV that is important for controlling PR8, but some arm of the immune system 

that requires time to activate. 

 In contrast, pre-infection with MHV disrupted early, but not late, PR8 replication. 

PR8 titers in singly infected (Mock/PR8) mice were measured at about 106 TCID50 per gram 

of lung on day 2 (Fig. 5.1B). However, coinfected (MHV/PR8) mice had significantly lower 

titers on day 2 than Mock/PR8 mice. The delay in PR8 replication in coinfected mice was 

short-lived because, on day 4, both Mock/PR8 infected and coinfected mice had similar PR8 

titers. MHV infection may be inducing an early immune response sufficient to delay PR8 

replication, but not completely inhibit PR8 infection. Thus, early recognition of a primary 

virus infection does not prevent infection. Coinfection-mediated effects on PR8 replication 
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may be dependent upon unique immune responses or different levels of induction of shared 

immune responses to each virus.  

 

 

Figure 5.1. Coinfection-mediated effects on PR8 replication were dependent upon which viruses were 

involved. Groups of 5-10 mice were inoculated with Mock, RV (7.6x106 TCID50/mouse), or MHV (2.0x103 

PFU/mouse) on day -2. Two days later, on day 0, mice were inoculated with PR8 (77.5 TCID50/mouse). Lungs 

were collected on days 2, 4, 7, and 10. PR8 was titrated by TCID50 assay on MDCK cells A) PR8 titers from 

RV and PR8 coinfection. Mock/PR8 (red, open circles), RV/PR8 (blue, closed circles). B) PR8 titers from 

MHV and PR8 coinfection. Mock/PR8 (red, open circles), MHV/PR8 (blue, closed circles). Significance 

versus Mock/PR8 was determined by students t-test. P-values are shown as * ≤ 0.05. 

 

5.2.2 Coinfection reduces PR8-induced inflammation in the lungs 

 RV infection did not interfere with early PR8 replication in the lungs. We were 

interested in visualizing the extent of inflammation in the lungs during coinfection with RV 

and PR8 compared to PR8 single infection. Mice were either inoculated with Mock or RV 

two days before inoculation with PR8. Lungs were harvested from mice on days 4, 7, and 10 

after PR8 inoculation. Lungs were paraffin-embedded and sectioned then stained using 

hematoxylin and eosin. Staining was performed by Emmanuel Ijezie, and data analysis was 

spearheaded by Dr. Onesmo Balemba. 

 Coinfection with RV and PR8 induced immune cell infiltration early and limited 

inflammation at later time points. Mice singly infected with PR8 had no visible signs of 

infection on day 4 (Fig. 5.2). Day 4 histology sections showed large areas of white space, 

meaning gas exchange and respiration were not hindered. However, coinfection with RV 
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two days before PR8 (RV/PR8) showed evidence of immune cell infiltration on day 4. These 

immune cells were associated with a slight thickening of alveolar walls, but overall, these 

lungs remained relatively healthy. On day 7, diffuse inflammation was seen in the 

Mock/PR8 group along with a large number of immune cells. This disruption of the alveolar 

architecture could decrease the area available for gas exchange. RV/PR8 coinfected mice 

inflammation was not as severe as in Mock/PR8 infected mice on day 7. Coinfected mice 

also had increased immune cell recruitment into the airways, but this cellular recruitment 

left the alveoli relatively intact. By day 10, both groups of mice had resolved the majority of 

inflammation in the lungs, but focal areas of alveolar wall thickening, and immune cell 

infiltration were present in the singly infected mice. These lung sections revealed that 

coinfection generated a strong influx of immune cells, which were potentially controlling 

inflammatory responses seen in Mock/PR8 infected lungs. 

 

 

Figure 5.2. Pre-infection with RV limited PR8-induced inflammation. Mice were inoculated with Mock or 

RV (7.6x106 TCID50/mouse) on day -2. On day 0, mice were inoculated with PR8 (77.5 TCID50/mouse). 

Whole lungs were collected on days 4, 7, and 10 and stored in 10% formalin. Lungs were then paraffin 

embedded and sectioned before stained with hematoxylin and eosin. Images were taken using the 40X 

objective. 
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5.2.3 Coinfection-mediated disease attenuation is correlated with an early, but 

controlled, neutrophil response 

Changes in immune responses during coinfection compared to single virus infections 

may be driving the differences in inflammation and PR8 clearance. These alterations can 

affect cell recruitment (e.g., type or number of cells) to sites of infection, thus influencing 

disease outcome and eventual viral clearance. To address this, we inoculated mice with 

Mock or RV two days before PR8 or PVM. Innate and T cell recruitment to the lungs were 

analyzed by flow cytometry on days 2, 4, and 6 after PR8 or PVM inoculation. Samples 

from mice inoculated with Mock or RV were also collected on day 0. Cells were identified 

by flow cytometry using the following markers: neutrophils (CD11b+Ly6G+), activated 

neutrophils (CD11b+Ly6G+CD64+), alveolar macrophages (CD11b-CD64+SiglecF+), 

interstitial macrophages (CD11b+Ly6G-CD64+), CD4+ T cells (CD3+CD4+), and CD8+ T 

cells (CD3+CD8+). Cells were initially gated on “Potential cells” to remove any debris and 

then gated on “Singlets” to select for single cells versus groups of cells (Fig. 5.3). 
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Figure 5.3. Innate cell gating strategy. 
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Figure 5.4. T cell gating strategy. 

 

 Pre-infection with RV limited neutrophil recruitment during coinfection compared to 

PR8 infection. Variable neutrophil numbers were recorded for PR8-infected mice on day 0, 

but minimal activated neutrophils were found as seen in both total cell count and percent cell 

graphs (Fig. 5.5A). Neutrophil numbers for Mock/PR8-infected mice increased on day 2 and 

were maintained until day 6 when neutrophil numbers decreased. Coinfection with RV and 

PR8 (RV/PR8) was marked by early neutrophil recruitment, similar to previous studies 

focused on RV infection (52, 76) (Fig. 5.5A). However, neutrophil numbers declined in 

RV/PR8 coinfected mice by day 2 and continued decreasing until day 6. Although 

neutrophil numbers were lower in coinfected versus Mock/PR8-infected mice on day 2, 

activated neutrophil numbers remained higher in the RV/PR8 coinfected group. On days 4 

and 6, activated neutrophils in coinfected mice were reduced to levels below Mock/PR8-

infected mice. These RV-activated neutrophils could respond faster to help control PR8 

infection, leading to an earlier contraction in neutrophil accumulation, thereby limiting 

neutrophil-mediated damage to the lungs. 



69 
 

 Fewer differences in macrophage populations were seen during Mock/PR8 versus 

coinfection. Pre-infection with RV two days before PR8 did not alter interstitial macrophage 

(IM) recruitment when compared to Mock/PR8 infection. Of note, coinfected mice had 

significantly more total IM than Mock/PR8-infected mice on day 2, but this was not 

significant when considering the percentage of all responding cell types (Fig. 5.5A). On day 

4, the trend switched, and coinfected mice had fewer IM as a percentage of responding cell 

types compared to Mock/PR8-infected mice, but this was not significantly different for total 

IM between groups. Initial RV infection resulted in a reduction of total and percent alveolar 

macrophages (AM) on day 0 compared to Mock-inoculated mice (Fig. 5.5A). However, AM 

numbers and rate of decline were similar between Mock/PR8 and coinfected (RV/PR8) mice 

on days 2, 4, and 6.  

 T lymphocyte recruitment was also measured to monitor adaptive immune responses. 

We found no significant differences in either CD4 (Fig. 5.5B) or CD8 (Fig. 5.5B) T cell 

populations between Mock/PR8-infected mice and coinfection throughout the experiment. 

CD4 T cells declined early in both groups, but RV/PR8 coinfected mice sustained numbers 

slightly higher than Mock/PR8-infected mice from days 2 to 6. These data associated 

attenuation of PR8-induced disease severity with early neutrophil stimulation and limited 

neutrophil recruitment at later times with no major differences in other cell types. 
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Figure 5.5. Flow cytometry analyses of recruited cells to the lungs during RV and PR8 coinfection 

compared to PR8 single infection. Groups of 5 mice were inoculated with Mock or RV (7.6x106 

TCID50/mouse) on day -2. Two days later on day 0, mice were inoculated with PR8 (77.5 TCID50/mouse). 

Lungs were collected on days 0, 2, 4, and 6. Lungs were homogenized and single cell suspensions were stained 

for the following cell types: A) total and percent neutrophils (solid red bars; CD11b+Ly6G+), activated 

neutrophils (striped red bars lines; CD11b+Ly6G+CD64+), interstitial macrophages (blue bars; CD11b+Ly6G-

CD64+), and alveolar macrophages (purple bars; CD11b-CD64+SiglecF+). B) total and percent CD4+ T cells 

(green bars; CD3+CD4+) and CD8+ T cells (orange bars; CD3+CD8+). Significance versus Mock/PR8 for 

each cell type was determined by students t-test. P-values are shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 

 

RV and PVM coinfection limited neutrophil recruitment to a higher degree than 

coinfection with RV and PR8. Neutrophil recruitment and activation in Mock/PVM-infected 

mice began on day 4 and increased until day 6 (Fig. 5.6A). We did not observe an early 

increase in neutrophil numbers or activation on day 0 following RV infection (Fig. 5.6A). 

This implies that the dose we used may be at the limit of RV-induced cell recruitment in 

mice or specific to our mouse cohort used in this experiment. Interestingly, coinfection with 

RV two days before PVM (RV/PVM) severely limited neutrophil recruitment on days 4 and 

6 compared to infection with Mock/PVM. Coinfection-mediated restriction of neutrophil 
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recruitment was also associated with a reduction in activated neutrophils on days 4 and 6. 

These data, in combination with RV/PR8 coinfection data, further support the idea that 

preventing excessive neutrophilic inflammation may be important for coinfection-mediated 

protection. 

 IM recruitment in PVM-infected mice increased on day 4 and continued until day 6 

(Fig. 5.6A). Coinfected mice had higher IM accumulation on days 0 and 2 compared to 

PVM-infected mice (Fig. 5.6A). Although coinfected mice had increased IM recruitment on 

days 4 and 6, IM numbers did not reach levels comparable to PVM-infected mice on either 

day. RV and PVM coinfection also maintained AM populations. PVM (Mock/PVM) 

infection reduced AM numbers on day 4 and continued to decrease on day 6 (Fig. 5.6A). 

Pre-infection with RV did not affect AM populations on day 0, with numbers similar to 

mock-inoculated mice (Fig. 5.6A). Mock/PVM infected and RV/PVM coinfected mice had 

similar numbers of AM on days 0 and 2, but RV/PVM coinfected mice maintained AM 

levels on day 4. However, this maintenance was short-lived and AM populations in 

coinfected mice declined on day 6, but levels remained higher than PVM-infected mice.  

 Coinfection with RV not only limited neutrophil recruitment upon PVM infection 

but also helped sustain T lymphocyte numbers. For both CD4+ and CD8+ T cells, PVM 

infection resulted in a steady decrease in total T cell numbers from day 0-6, but a sharp 

decrease in the percentage of T cell was observed on day 4, which progressed through day 6 

(Fig. 5.6B). However, total and percent CD4+ and CD8+ T cell populations did not decrease 

as dramatically in coinfected mice compared to PVM-infected mice (Fig. 5.6B). The 

percentages of CD4+ and CD8+ T cells were only slightly reduced in RV/PVM coinfected 

mice on both days 4 and 6. Similar to RV and PR8 coinfection, coinfection-mediated 

attenuation of PVM disease was associated with limited recruitment of neutrophils, but RV 

and PVM coinfection also limited IM recruitment and prevented the decline in CD4+ and 

CD8+ T lymphocyte populations. 
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Figure 5.6. Flow cytometry analyses of recruited cells to the lungs during RV and PVM coinfection 

compared to PVM single infection. Groups of 5 mice were inoculated with Mock or RV (7.6x106 

TCID50/mouse) on day -2. Two days later on day 0, mice were inoculated with PVM (1.0x104 TCID50/mouse). 

Lungs were collected on days 0, 2, 4, and 6. Lungs were homogenized, and single cell suspensions were 

stained for the following cell types: A) total and percent neutrophils (solid red bars; CD11b+Ly6G+), activated 

neutrophils (striped red bars lines; CD11b+Ly6G+CD64+), interstitial macrophages (blue bars; CD11b+Ly6G-

CD64+), and alveolar macrophages (purple bars; CD11b-CD64+SiglecF+). B) total and percent CD4+ T cells 

(green bars; CD3+CD4+) and CD8+ T cells (orange bars; CD3+CD8+). Significance versus Mock/PVM for 

each cell type was determined by students t-test. P-values are shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 

 

 Coinfection with RV prevented a robust neutrophil response, regardless of which 

virus was coinfected with RV. Coinfection-mediated disease attenuation was reduced during 

simultaneous coinfection with RV and PR8 and disease was exacerbated when RV was 

inoculated two days after either PR8 or PVM. We were therefore interested if the disease 

attenuation associated with the timing of viral inoculations would correlate with neutrophil 

recruitment. To test this, we analyzed neutrophil recruitment when RV was inoculated two 

days before, simultaneously with, or two days after PR8 or PVM (Fig. 5.7). Both total and 

activated neutrophils were analyzed on day 6 after PR8 or PVM inoculation by flow 

cytometry. 
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Figure 5.7. Varied timings of coinfection inoculation scheme. 

 

 Increased neutrophil recruitment correlated with more severe disease phenotypes for 

both PR8 and PVM coinfections. RV coinfected two days before PR8 (RV/PR8) attenuated 

PR8-induced mortality and weight loss (Fig. 4.12D, E). RV/PR8 coinfected mice also had 

fewer neutrophils compared to PR8 (Mock/PR8) infection (Fig. 5.6A). Simultaneous 

coinfection with RV and PR8 (RV+PR8) had increased PR8-induced disease compared to 

RV/PR8, but RV+PR8 coinfection still attenuated PR8-induced mortality and weight loss 

compared to PR8 infection (Fig. 4.12D, E). RV coinfected two days after PR8 (PR8/RV) 

exacerbated PR8-induced mortality and weight loss compared to Mock/PR8 infection (Fig. 

4.12D, E). Interestingly, total (Fig. 5.8A) and activated (Fig. 5.8B) neutrophil numbers were 

similar between RV+PR8 and PR8/RV coinfected mice, regardless of the degree of disease 

attenuation. Similar correlations between neutrophil recruitment and disease severity were 

seen in PVM coinfected mice. RV coinfected two days before (RV/PVM) and 

simultaneously with (RV+PVM) PVM both completely attenuated PVM disease, while RV 

coinfected two days after PVM (PVM/RV) did not affect PVM-induced disease (Fig. 4.13A-

C). Although both RV/PVM and RV+PVM coinfections attenuated PVM-induced disease, 

only RV/PVM coinfection significantly reduced neutrophil accumulation (Fig. 5.8C) and 

activation (Fig. 5.8D) compared to PVM infection (Mock/PVM). Although the data were not 

significant, RV+PVM coinfected mice had slightly reduced neutrophil recruitment and 

activation compared to Mock/PVM infection. PVM/RV coinfected mice recruited more total 

and activated neutrophils (Fig. 5.8C, D), which correlated with increased of PVM-disease. 

These data support the hypothesis that higher levels of neutrophils correlate with increased 

disease. 
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Figure 5.8. Increased neutrophil recruitment mirrors increased PR8 and PVM disease states during 

coinfection. Groups of 5 mice were inoculated with Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days 

later on day 0, mice were inoculated with PR8 (77.5 TCID50/mouse) or PVM (1.0x104 TCID50/mouse). Lungs 

were collected on day 6. Lungs were homogenized, and single cell suspensions were stained for total 

neutrophils (CD11b+Ly6G+) and activated neutrophils (CD11b+Ly6G+CD64+). A-B) RV and PR8 

coinfection. A) Total neutrophils and B) activated neutrophils. C-D) RV and PVM coinfection. C) Total 

neutrophils and D) activated neutrophils. Significance determined by students t-test versus Mock/PR8 or 

Mock/PVM. P-values are shown as * ≤ 0.05, ** ≤ 0.01, or *** ≤ 0.001. 

 

5.2.4 Coinfection alters interferon and inflammatory mediator expression  

 RV was most effective at reducing PR8-induced disease when mice were inoculated 

with RV two days before PR8. We were interested if the initial RV infection altered 

downstream IFN and inflammatory mediator responses. To test this, mice were either Mock-

inoculated (media) or inoculated with RV two days before PR8 inoculation. Groups of mice 

were euthanized on days 2, 4, 7, and 10 and lungs were collected for homogenization (day 2) 

or bronchoalveolar lavage (BAL) fluid was collected (days 4, 7, and 10). Type I IFN was 
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analyzed using an IFN bioassay, and the potent inflammatory mediator TNF-α was analyzed 

using enzyme-linked immunosorbent assay (ELISA). The IFN bioassay quantifies type I 

IFN levels using an IFN-sensitive cell line and virus. In short, cells are exposed to 

homogenized lung samples before being inoculated with vesicular stomatitis virus (VSV) 

expressing green fluorescent protein (GFP). GFP is then quantified using a plate reader, and 

high GFP readings equate to high VSV infection, which means low IFN levels and vice 

versa. 

 Coinfection increased type I IFN early in infection. On day 2, Mock/PR8-infected 

mice had reduced type I IFN levels compared to mice coinfected with RV two days before 

PR8 (RV/PR8), as evidenced by higher fluorescence readings (Fig. 5.9). However, on day 4, 

the trend flipped, and mice coinfected with RV and PR8 had reduced type I IFN levels 

compared to Mock/PR8 infected mice (Fig. 5.9). This trend continued into day 7, where 

coinfected mice still expressed lower levels of type I IFN (Fig. 5.9). Lower expression of 

type I IFN on day 7 in coinfected mice may be explained by PR8 already being cleared in 

coinfected mice (Fig. 5.1A). Coinfection elicits a stronger, but limited, type I IFN response 

compared to PR8 alone infection.  
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Figure 5.9. Coinfection induced type I interferon early in infection. Groups of 5 mice were inoculated with 

Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days later, on day 0, mice were inoculated with PR8 

(77.5 TCID50/mouse). On day 2, lungs were collected and homogenized, and cells were removed from samples. 

On days 4 and 7, lungs were inflated with 1 mL PBS, and then the PBS was aspirated and stored at -80°C. 

Samples were diluted in a 96-well plate and UV-inactivated before the addition of a type I IFN-sensitive cell 

line. Green fluorescent protein-expressing vesicular stomatitis virus was added, and fluorescence was 

quantified after 24 hours post-inoculation. Data are expressed as the reciprocal of the highest dilution that 

mediated a 50% reduction in fluorescence, defined as one unit of type I IFN. Significance versus Mock/PR8 

was determined by students t-test. 

 

 We also measured interferon-β (IFN-β), a type I IFN, transcript levels by qPCR 

during coinfection with either MHV or RV two days before PR8. Lungs were collected on 

days 2 and 4 after PR8 inoculation for MHV coinfection and days 0, 2, 4, and 6 after PR8 

inoculation for RV coinfection. Lungs were saved in RNAlater for qPCR analysis. Data 

collection and analysis was performed by Dr. Tanya Miura. 

 IFN-β transcript levels were upregulated early during both MHV and RV 

coinfection. IFN-β transcripts were highly elevated in mice inoculated with MHV 

(MVH/Mock) on day 2 (Fig. 5.10A). This elevation was also mirrored in mice coinfected 

with MHV two days before PR8 (MHV/PR8), signifying that early responses were 

dominated by MHV infection and any contribution by PR8 was negligible. Further support 

for this idea was lent by IFN-β transcript levels in PR8-infected mice (Mock/PR8), where 
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transcript levels were still minimal on day 2 (Fig. 5.10A). However, on day 4, this trend 

flipped, and transcript levels for Mock/PR8 infected mice increased to levels greater than 

coinfected mice. No samples from MHV-infected mice were collected on day 4. It is 

important to note that interferon transcripts increase from day 2 to day 4 in PR8-infected 

mice, whereas transcript levels in coinfected mice decrease from days 2 to 4.  

 A similar trend was observed when IFN-β transcripts were evaluated during RV 

coinfection. IFN-β transcripts were upregulated in coinfected mice (RV/PR8) on day 2 

compared to the Mock/PR8 group (Fig. 5.10B). On day 4, IFN-β transcript levels increased 

for both PR8-infected and coinfected mice. Although not significant, transcript levels were 

lower in RV/PR8 compared to Mock/PR8-infected mice. By day 6, IFN-β expression 

decreased in both Mock/PR8 and RV/PR8 groups. RV induced IFN-β expression was not as 

dramatic as MHV induction on day 2. We expect this because RV-induced IFN-β expression 

is rapid in mice with peak levels one day after RV inoculation before decreasing by day 2 

(52). Our measurement was taken on day 2 after PR8 inoculation, which was actually day 4 

after RV inoculation. This means our measurement would be during the contraction phase. 

However, we did not observe increased levels of IFN-β on day 0, two days after RV 

inoculation. It is interesting to see increased IFN-β levels on day 2 in coinfected animals. 

This could be evidence of re-stimulation of RV-recruited innate immune cells in the lungs, 

allowing for a more rapid/stronger induction of IFN-β expression following subsequent 

inoculation with PR8. 
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Figure 5.10. Interferon-β expression was upregulated early following pre-infection with both RV and 

MHV. Groups of 5 mice were inoculated with Mock, RV (7.6x106 TCID50/mouse), or MHV (2.0x103 

PFU/mouse) on day -2. Two days later on day 0, mice were inoculated with PR8 (77.5 TCID50/mouse). Lungs 

were collected on days 2 and 4 for A) MHV/PR8 coinfection and days 0, 2, 4, and 6 for B) RV/PR8 

coinfection. Right lobes of the lungs were stored in RNAlater and processed for qPCR at a later date. IFN-β 

transcript levels were determined by RT-qPCR. Threshold cycle (Ct) data were normalized to housekeeping 

gene (GAPDH) values and then fold change versus Mock-inoculated mice was calculated. Significance versus 

Mock/PR8 was determined by students t-test. P-values are shown as * ≤ 0.05, ** ≤ 0.01, or ND not 

determined. 

 

RV coinfection reduced expression of TNF-α during PR8 infection. PR8 

(Mock/PR8) infection was associated with a sustained TNF-α response throughout the study, 

which peaked on day 10 (Fig. 5.11). However, RV coinfected two days before PR8 

(RV/PR8) reduced early expression of TNF-α on day 4 compared to Mock/PR8 infected 

mice (Fig. 5.11). TNF-α levels in RV/PR8 coinfected mice peaked on day 7 with 

comparable levels to PR8 single infection. Then, on day 10, TNF-α levels during coinfection 

contracted while levels in PR8-infected mice continued to increase. Coinfection helps limit 

PR8-induced inflammation, which may contribute to disease attenuation. 
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Figure 5.11. Coinfection limited PR8-induced TNF-α expression. Groups of 5 mice were inoculated with 

Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days later on day 0, mice were inoculated with PR8 

(77.5 TCID50/mouse). Lungs were collected on days 4, 7, and 10. BAL fluid was collected and processed for 

measurement of TNF-α using an enzyme-linked immunosorbent assay.  

 

5.2.5 Neutrophil depletion did not affect coinfection-mediated disease attenuation 

 Coinfection with RV two days before PR8 was associated with an early neutrophil 

response evidenced by our flow cytometry experiments (Fig. 5.5A). We were interested if 

PR8 disease attenuation would be reduced during coinfection if neutrophils were depleted 

early during infection. To test this, we Mock- or RV-inoculated mice two days before PR8. 

We depleted neutrophils by using the antibody against Ly6G clone 1A8, which specifically 

binds to Ly6Ghigh neutrophils (53, 176). We administered 1A8 intraperitoneally (i.p.) on 

days -3, -1, 1, and 3. Mice also received an intranasal dose of 1A8 antibody on day -2. 

Control mice were inoculated similarly, but instead of receiving 1A8, control mice received 

an isotype-matched non-specific control antibody. Mice were then monitored for mortality, 

weight loss, and clinical signs of infection for 14 days after PR8 inoculation. 

 Mice inoculated with either PR8 alone (Mock/PR8 – Ctl) or RV two days before 

PR8 (RV/PR8 – Ctl) and isotype control antibody experienced mortality, weight loss, and 

clinical scores similar to previously reported in chapter 4. However, when PR8 infected 

mice received 1A8 (Mock/PR8 – 1A8), no mortality was observed with PR8 infection (Fig. 
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5.12A). Mock/PR8 – 1A8 mice initially lost weight on day 3, and peak weight loss was 

reached on day 7 before complete recovery by day 14 (Fig. 5.12B). Mock/PR8 – 1A8 mice 

began displaying clinical signs on day 4 as mild ruffling and hunched posture, but signs 

increased to moderate ruffling and mild lethargy, hunching, and labored breathing by day 6 

(Fig. 5.12C). No mortality was seen in RV/PR8 coinfected mice treated with 1A8 (Fig. 

5.12A). Weight loss also began on day 3 for coinfected, neutrophil-depleted mice (Fig. 

5.12B). Weight loss then peaked on day 7 at 13%, before recovering completely by day 11. 

Clinical signs recorded for coinfected, neutrophil-depleted mice were mild ruffling on day 4, 

and signs then increased to include mild hunching with sporadic lethargy and labored 

breathing over days 5 to 7 before returning to baseline by day 9 (Fig. 5.12C). It seems, from 

these data, that early neutrophilic infiltration does not contribute to disease attenuation 

during coinfection. 

 

 

Figure 5.12. Neutrophils were not required to attenuate PR8-induced disease during coinfection. Groups 

of 5 mice were inoculated with Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days later on day 0, mice 

were inoculated with PR8 (77.5 TCID50/mouse). Mice were also administered either isotype control antibody 

or anti-Ly6G clone 1A8 antibody intraperitoneally on days -3, -1, 1, and 3 and then intranasally on day -2. 

Mice were then monitored for A) mortality, B) weight loss, and C) clinical signs. Mock/PR8 is red lines, open 

circles and RV/PR8 is blue lines, closed circles while the control antibody is thick dashed lines and anti-Ly6G 

clone 1A8 is dotted lines. Survival curves were compared using log-rank Mantel-Cox curve comparison. 

Weight loss and clinical score data were compared using multiple Student’s t-tests. Isotype control antibody 

treatment was compared to 1A8 treatment for Mock/PR8 and RV/PR8 groups. P-values are shown as ** ≤ 0.01 

or *** ≤ 0.001. 

 

We wanted to ensure that neutrophil depletion was occurring during treatment with 

anti-Ly6G clone 1A8. We took BAL fluid samples from mice inoculated with PR8 

(Mock/PR8) during both control and 1A8 antibody treatments on day 4 after PR8 

inoculation. Samples were centrifuged, and cells were spun onto a slide for counting. Cell 
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types counted were expressed as a percentage of total cells counted. About 60% of cells 

counted from BAL fluid were neutrophils in the control treated group (Mock/PR8 – Ctl) 

(Fig. 5.13). Neutrophils were reduced to about 5% of cells in the BAL fluid from mice 

treated with 1A8 antibody (Mock/PR8 – 1A8). These data confirmed that we sufficiently 

depleted recruited neutrophils during PR8 infection using 1A8 antibody.  

 

Figure 5.13. Anti-Ly6G clone 

1A8 antibody treatment reduced 

neutrophils in pulmonary 

airways on day 4. Groups of 5 

mice were inoculated with Mock 

on day -2. Two days later on day 0, 

mice were inoculated with PR8 

(77.5 TCID50/mouse). Mice were 

also administered either isotype 

control antibody or anti-Ly6G 

clone 1A8 antibody 

intraperitoneally on days -3, -1, 1, 

and 3 and then intranasally on day -

2. On day 4, lungs were inflated 

with 1 mL PBS then the PBS was 

aspirated and collected for cell 

counts. After spinning cells onto a 

slide, total cells were counted, and 

each cell type is expressed as a 

percentage of total cells. Control 

treated mice are open red circles 

and 1A8 treated mice are closed 

blue circles. Significance versus 

Mock/PR8 -- Ctl was determined by students t-test. P-values are shown as *** ≤ 0.001. 

 

 After concluding that early neutrophil depletion did not affect PR8 disease severity, 

we were interested if these neutrophils were able to control early PR8 replication. Mice were 

either Mock- or RV-inoculated two days before PR8. Once again, either isotype control or 

1A8 antibody was administered on days -3, -2, -1, 1, and 3. Lungs were collected on day 2 

after PR8 inoculation, and tissues were homogenized and PR8 titrated by TCID50 assay on 

MDCK cells. We found no difference in early PR8 replication between control and 

neutrophil-depleted groups (Fig. 5.14). We also measured PR8 titers for Mock/PR8 control 

and 1A8 treated groups on day 4, and no differences were found between the groups (data 
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not shown). These data further bolster the idea that early neutrophil recruitment is not 

required for control of PR8 or attenuation of PR8 disease. 

 

Figure 5.14. Early neutrophil depletion did 

not affect PR8 replication on day 2. Groups of 

5 mice were inoculated with Mock or RV 

(7.6x106 TCID50/mouse) on day -2. Two days 

later on day 0, mice were inoculated with PR8 

(77.5 TCID50/mouse). Mice were also 

administered either isotype control antibody or 

anti-Ly6G clone 1A8 antibody intraperitoneally 

on days -3, -1, 1, and 3 and then intranasally on 

day -2. Lungs were collected on day 2 and 

homogenized for PR8 titration. PR8 titer was 

quantified by TCID50 assay on MDCK cells. 

Significance was determined by students t-test.  

 

 

 

5.2.6 Blocking of type I interferon signaling did not affect coinfection-mediated disease 

attenuation 

 Since neutrophil depletion did not affect disease severity, we were curious if 

coinfection-mediated disease attenuation was dependent upon early interferon induction. To 

test this, mice were either Mock- or RV-inoculated two days before PVM. We blocked type 

I IFN signaling with the use of an antibody specific to the type I interferon α/β receptor 

(IFNAR) clone MAR1-5A3 (178). IFNAR-specific antibody was intranasally (i.n.) 

administered on days -2 and 0. Control groups of Mock/PVM and RV/PVM infected mice 

received either an isotype control antibody. Mice were then monitored for mortality, weight 

loss, and clinical signs of infection for 14 days after PR8 inoculation. 

 Mice inoculated with either PVM alone or RV two days before PVM had similar 

mortality, weight loss, and clinical signs as described earlier in chapter 4. Mice inoculated 

with PVM and treated with anti-IFNAR (Mock/PVM – IFNAR) had disease kinetics similar 

to PVM-infected mice treated with isotype control antibody (Mock/PVM – Ctl). These mice 

all succumbed to infection by day 8 (Fig. 5.15A), rapidly lost weight from days 5 to 8 (Fig. 
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5.15B), and displayed mild ruffling on day 4 before signs peaked on day 7 with severe 

ruffling and moderate hunching, lethargy, and labored breathing (Fig. 5.15C). Surprisingly, 

one of five coinfected mice treated with anti-IFNAR (RV/PVM – IFNAR) succumbed to the 

infection on day 6, but the rest survived until the end of the study (Fig. 5.15A). Coinfected 

mice were protected from PVM-induced weight loss and only displayed a short dip in 

weight loss on days 6-8 (Fig. 5.15B). Weight loss for anti-IFNAR treated coinfected mice 

(RV/PVM – IFNAR) weight loss mirrored coinfected mice treated with isotype control 

antibody (RV/PVM – Ctl). RV/PVM – IFNAR treated mice displayed sporadic ruffling and 

hunching between days 5 to 10, but signs remained mild except for one mouse that 

succumbed to infection (Fig. 5.15C).  

 

 

Figure 5.15. Type I interferon was not critical for protection from PVM disease during coinfection. 

Groups of 5 mice were inoculated with Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days later on day 

0, mice were inoculated with PVM (1.0x104 TCID50/mouse). Mice were also administered either isotype 

control or anti-IFNAR antibody intranasally on day -2 and 0. Mice were then monitored for A) mortality, B) 

weight loss, and C) clinical signs. Mock/PVM is red lines, open circles and RV/PVM is blue lines, closed 

circles; isotype control antibody treatment is solid lines and anti-IFNAR treatment is solid lines. Survival 

curves were compared using log-rank Mantel-Cox curve comparison. Weight loss and clinical score data were 

compared using multiple Student’s t-tests. Isotype control antibody treatment was compared to anti-IFNAR 

treatment for Mock/PVM and RV/PVM groups. P-values are shown as ** ≤ 0.01. 

   

To verify if type I IFN signaling was blocked during the early time points of the 

study, we collected lungs from Mock/PVM and RV/PVM mice treated with either isotype 

control or anti-IFNAR antibody on days -1, 2, and 4 after PVM inoculation. Lungs were 

stored in RNAlater before RNA isolation. We performed qPCR with primers specific for 

Mx1, a gene induced by type I IFN signaling. The expression of Mx1 is entirely dependent 

on IFNAR signaling, as evidenced by IFNAR knockout mice (149). Anti-IFNAR treatment 
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for both Mock/PVM – IFNAR and RV/PVM – IFNAR groups of mice resulted in decreased 

Mx1 transcript levels compared to mice treated with control antibody (Fig. 5.16). Mx1 

transcripts were reduced on both day -1 and day 2 for anti-IFNAR groups compared to 

control groups (Ctl). However, transcript levels were lower, but not statistically significant 

on day 4 in the anti-IFNAR groups. This proved that we impaired type I IFN signaling early 

in infection while letting it return to normal levels later. Early type I IFN was not critical for 

attenuation of PVM-induced disease during coinfection. 

 

 

Figure 5.16. Intranasal administration of anti-IFNAR reduced Mx1 expression for early time points. 

Groups of 5 mice were inoculated with Mock or RV (7.6x106 TCID50/mouse) on day -2. Two days later on day 

0, mice were inoculated with PVM (1.0x104 TCID50/mouse). Mice were also administered either isotype 

control or anti-IFNAR antibody intranasally on day -2 and 0. Lungs were collected on days -1, 2, and 4 and 

stored in RNAlater. RNA was isolated, and Mx1 was quantified using RT-qPCR. Data are expressed as 2-ΔΔCt 

normalized to Mock-treated samples. Significance determined by students t-test. P-values are shown as ** ≤ 

0.01 or *** ≤ 0.001. 

 

5.2.7 Gene expression during coinfection 

 Following the conclusions that both early type I IFN signaling and neutrophil 

responses are not necessary for coinfection-mediated disease attenuation, it is critical to 

determine another pathway active during coinfection. RNA samples from one mouse 
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(RV/PR8) were collected on day 2 and stored in RNAlater. We tested the RNA expression 

of inflammatory genes using Qiagen’s RT2 Profiler PCR Array as a screening tool for 

potential genes of interest. Table 5.1 displays the genes that were 2-fold up- or down-

regulated in coinfected mice (RV/PR8) normalized to the Mock/PR8 group. Numbers in 

blue denote up-regulated genes, while numbers in red denote down-regulated genes. 

 The genes in Table 5.1 represent a diverse array of functions. Many of these up-

regulated genes are involved in macrophage/monocyte signaling and chemotaxis: Ccl1, 

Ccl12, Ccl2, Ccl4, Ccl7, Crp, Cxcl10, Ifng, and Il3. Although coinfection did not drastically 

alter macrophage recruitment, these genes could be important in regulating key functions 

during infection. Of note, Ifng (interferon gamma) is involved in macrophage activation and 

increased phagocytosis, and this gene is the fourth highest induced gene in coinfection 

compared to a single infection. Another pathway of up-regulated genes from Table 5.1 is 

genes involved in regulating anti-inflammatory and repair mechanisms: IL10, IL10ra, IL11, 

IL13, IL20, IL4, and Lta. These genes are involved in controlling immune cell activity, 

restructuring the extracellular matrix, and promoting cell survival. Upregulation of these 

genes during coinfection matches the decreased inflammation seen in our H&E stained lung 

sections in coinfected groups (Fig. 5.2). Il10 (interleukin-10) and IL13 (interleukin-13) are 

highly upregulated in coinfected mice, suggesting that coinfection induces an 

immunosuppressive response, thus limiting inflammatory responses. The last set of up-

regulated genes of interest is related to T cell function and chemotaxis: Ccl1, Ccl4, Ccl8, 

Ccr8, Cxcl10, Cxcl11, Cxcl9, Cxcr3, Ifng, and Cd40lg. These genes are either involved in T 

cell chemotaxis and activation or are secreted by activated T cell for further regulation of 

innate immune cells. Flow cytometric analysis of PR8 single and coinfection did not reveal 

any significant differences for T cell accumulation (Fig 5.3D, E). However, T cell responses 

can still be altered during coinfection regardless of actual T cell numbers. Several of these T 

cell-related genes are involved in the activation and recruitment of professional antigen 

presenting cells. This strong interplay between T cells and macrophages can contribute to 

more effective control of PR8 infection by increasing the presentation of antigen to adaptive 

cells. More information is needed to tease apart which genes are critical for coinfection-

mediated disease attenuation. 
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Gene 
Fold 

Regulation 
Gene 

Fold 

Regulation 

 Ccl1 

Il10 

Il13 

Ifng 

Il3 

Cxcl11 

Ccl4 

Ccl7 

Ccl2 

Ccr4 

Ccl8 

Ccr5 

Ccl3 

Crp 

Cxcl9 

Cxcl13 

Ccr3 

Cxcl1 

17.15 

10.22 

9.74 

7.95 

6.15 

5.92 

5.73 

5.19 

4.37 

4.36 

4.35 

4.09 

3.87 

3.58 

3.52 

3.1 

3.07 

3.06 

Il11 

Cxcl10 

Ccr8 

Ccl22 

Il20 

Tnf 

Cxcr3 

Il2rb 

Ccl12 

Il1f6 

Cd40lg 

IL10ra 

Ccl11 

Il4 

Ccr1 

Lta 

Ccl20 

3.01 

2.99 

2.79 

2.77 

2.67 

2.61 

2.57 

2.4 

2.39 

2.34 

2.33 

2.26 

2.15 

2.14 

2.12 

2.04 

-2.44 

Table 5.1 Genes 2-fold or greater differentially expressed during coinfection. 

 

 The effects of coinfection can be vast and most likely involve interactions on many 

fronts. We wanted to know how coinfection changed gene expression in response to PR8 

and PVM infection compared to single virus infections. Mice were Mock- or RV inoculated 

two days before PR8- or PVM-inoculation. Lungs were collected on days 2, 4, and 6 after 

PR8 or PVM inoculation. Lungs were stored in RNAlater and prepared for RNAseq. Data 

collection and processing was done by Dr. Tanya Miura and data analysis performed by Dr. 

JT Van Leuven. 
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 RNAseq data can be overwhelming and a lifetime can be spent analyzing every 

pathway that might be differentially expressed. For the sake of simplicity and digestibility, I 

have only included a small snapshot of genes that could provide a possible mechanism for 

disease attenuation (Table 5.2). These data are expressed as log2 fold change compared to 

Mock (uninfected) mice. 

 One major distinction between single infection and coinfection, whether it be PR8 or 

PVM, is the expression of lymphocyte-related genes. Ifng is responsible for activation of 

macrophages (179, 180), cytotoxic T-lymphocyte-associated protein 4 (Ctla4) is involved in 

immunosuppressive activities (181, 182), and granzyme b (Gzmb) is a serine protease 

involved in inducing inflammation and cellular apoptosis (183). An interesting trend is 

coinfection limits expression of both Ifng and Gzmb while increasing early expression of 

Ctla4. These differences could result in reducing inflammation from macrophage activation 

and cell apoptosis while also regulating early cytokine production. 

 Pre-infection with RV can increase PRRs through initial recognition of RV and then 

cyclical feedback. These increases in PRRs could then increase the likelihood and sensitivity 

of recognizing subsequent infections and stimulating the production of molecules that 

interfere with viral replication. No obvious trends in PRR expression were elucidated from 

RNAseq. Coinfection with RV and PR8 did increase Mx1 (involved in interfering with IAV 

replication (184, 185))and TLR9 (endosomal toll-like receptor) transcripts on day 2, but 

differences were negligible on day 4 before coinfection decreased expression on day 6 

compared to single infections. Coinfection with RV and PVM had overall lower transcript 

levels for PRRs compared to single infections. This could help limit overproduction of 

cytokines and chemokines leading to a more controlled response to PVM infection, but this 

is currently unclear. Another approach would be to look into pathway components of PRRs 

to determine if there are any alterations in PRR signaling during coinfection. 

 The next set of genes belongs to antiviral responses and pathogen clearance. Muc5ac 

(mucin 5AC) is involved in mucus hypersecretion by goblet cells and used to protect 

pulmonary epithelia from infection by trapping pathogens (186, 187); Clca1 (chloride 

channel accessory 1) is linked to muc5ac production (188, 189). Tumor necrosis factor (Tnf) 

is a superfamily of proteins involved in a plethora of actions including inducing 
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inflammation, fever, mobilization of adipocytes, etc. (190, 191). Interferon regulatory factor 

7 (Irf7) is a transcriptional activator of antiviral genes and plays a major role in type I IFN 

expression (192). Muc5ac and its associated chloride channel were dramatically increased in 

coinfection of both PR8 and PVM, compared to single infections. This could increase mucin 

production in the lungs and help prevent the spread of PR8 and PVM. Both PR8 and PVM 

coinfection reduced Tnf transcript levels at later time points during infection, which could be 

related to reducing inflammation and clinical signs in the mice. Both PR8 and PVM 

coinfection also reduced Irf7 transcripts on days 4 and 6, but day 2 transcript expression was 

increased for coinfection with RV and PR8. This fits with Fig. 5.8, which show an increase 

in type I IFN on day 2 compared to a single infection. 

 The last set of genes in the table is related to neutrophil chemotaxis. Both Cxcl1, 

chemokine (C-X-C) ligand 1 or KC in mice, and Il1b, interleukin 1 beta, are potent 

neutrophil attractants following infection (193-195). RV and PR8 coinfection increased 

transcript expression of both Cxcl1 and Il1b, which correlated with the increased number of 

neutrophils observed at early time points during coinfection in Fig. 5.5. Then on days 4 and 

6, both PR8 and PVM coinfection reduced Cxcl1 and Il1b expression compared to 

respective single infections. Although early neutrophil depletion does not affect disease 

attenuation, Fig. 5.12, it is still a possibility that neutrophils during later time points of 

infection could be a culprit in contributing to PR8 and PVM disease, which are down-

regulated by coinfection. 
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Gene Mock/PR8 RV/PR8 Mock/PVM RV/PVM 

Day  2 4 6 2 4 6 2 4 6 2 4 6 

T Cell 

Function   
 

    
 

    
 

    
 

  

Ifng 2.85 2.83 5.31 2.85 2.99 4.81 ND 3.37 4.95  ND 2.13 4.63 

Ctla4 ND 1.60 3.93 2.81 2.30 3.66 ND 1.30 3.30 2.49 1.70 3.30 

Gzmb 1.22 2.54 5.14 2.45 2.75 4.63 ND 2.74 3.89  ND 1.76 3.86 

Antiviral 

Defense   
 

    
 

    
 

    
 

  

Mx1 3.95 4.83 4.94 4.52 4.71 4.00 ND 5.00 4.73  ND 4.23 4.23 

Oas1b 1.49 2.51 ND 1.98 2.43 1.87 ND 2.52 2.39  ND 2.10 2.11 

Tlr2 0.84 1.50 1.56 0.98 1.43 1.26 ND 1.54 1.18  ND 0.95 1.19 

Tlr6 ND 0.80 1.00 ND 0.79 0.86 ND ND 0.78  ND ND 0.78 

Tlr9 1.27 2.97 2.79 2.04 2.94 2.46 ND 2.29 2.41  ND 1.77 2.47 

Pathogen 

clearance   
 

    
 

    
 

    
 

  

Muc5ac ND 1.01 -1.10 1.42 1.87 2.22 ND ND ND  ND 2.72 2.06 

Clca1 ND 1.25 ND 4.48 3.40 5.03 ND ND ND 5.01 6.59 5.55 

Tnf 2.12 3.22 3.38 2.64 3.11 2.88 ND 3.21 2.77  ND 2.31 2.65 

Irf7 2.52 4.06 4.06 3.26 3.98 3.57 ND 4.02 4.08  ND 3.18 3.84 

Neutrophil 

chemotaxis   
 

    
 

    
 

    
 

  

Cxcl1 2.73 3.20 2.90 2.95 2.96 1.66 ND 4.81 3.50  ND 3.24 3.27 

Il1b 1.36 2.08 2.00 1.65 2.02 1.43 ND 2.15 2.09  ND 1.71 1.97 

Table 5.2 Snapshot of important genes from RNAseq. ND, not detected. 

 

5.3 Discussion 

 We discovered that pre-infection with RV attenuated multiple, unrelated pathogenic 

respiratory virus diseases. We also found the degree of disease attenuation by RV was 

dependent upon which viruses were coinfected with it: RV and PVM coinfection was 

associated with minimal weight loss while RV and PR8 coinfection sustained higher weight 

loss before recovery. The timing of virus inoculations also contributed to the degree of 

disease attenuation conveyed by coinfection. We inferred from these data that RV was most 

likely eliciting an immune response that was coordinating or supplementing PR8- and PVM-

induced responses. But the immune response contributions from RV infection become 
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harmful when RV is inoculated after PR8 or ineffective after PVM. It is essential to 

understand the mechanisms behind coinfection to understand which components are 

necessary for disease attenuation and which are responsible for disease exacerbation or 

shared between both. 

  Initial experiments were focused on learning if coinfection interfered with PR8 

replication. We tested two coinfection schemes: RV two days before PR8 (RV/PR8) and 

MHV two days before PR8 (MHV/PR8) (Fig. 5.1). RV/PR8 coinfection did not interfere 

with early PR8 replication but instead led to faster clearance of PR8 compared to single 

virus infection. However, MHV/PR8 coinfection did delay early PR8 replication on day 2 

compared to single infection, but by day 4 coinfected and single infected groups had similar 

PR8 titers. Reduction in PR8 titers on day 2 during MHV/PR8 coinfection correlated with 

elevated IFN-β levels (Fig. 5.10A). However, the elevated IFN-β levels on day 2 during 

RV/PR8 coinfection did not correlate with decreased PR8 titers. This was surprising because 

studies have reported that exogenous treatment with IFN-α, another type I IFN, reduced IAV 

titers in rhesus macaques (196) and ferrets (197). One explanation for this is MHV induces 

about a 9-fold increase in IFN-β compared to RV infection. A certain threshold of IFN may 

be required to interfere with PR8 replication. This is not entirely surprising because PR8 is 

known to have mechanisms for inhibiting IFN responses through its NS1 protein (121) and 

polymerase (198). This specific threshold of IFN would then be required to overwhelm the 

antagonistic mechanisms of PR8. Although early IFN levels did not correlate with the 

interference of PR8 replication during RV and PR8 coinfection, we did observe that 

coinfected mice had lower levels of type I IFN transcripts (Fig. 5.10B) later in infection 

compared to single virus-infected mice. This contraction of IFN response may be beneficial 

to coinfection and help reduce disease severity. Different groups have reported that highly 

pathogenic influenza strains induce higher transcription of IFN-β (199) and susceptible 

strains of mice also typically produce higher amounts of type I IFN compared to resistant 

strains when challenged with the same influenza virus (149). We then wanted to know if 

early type I IFN was necessary for coinfection-mediated disease attenuation. After blocking 

type I IFN signaling on days -2 and 0, we observed minimal deviation in disease severity for 

coinfection compared to coinfected mice that received a control antibody (Fig. 5.15). One 

mouse succumbed to PVM-induced disease, and there was slightly more weight loss 
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observed in coinfection-IFNAR treated animals. It seems that early type-I IFN signaling is 

not essential to PVM-disease attenuation, but it may play a minor role instead. No difference 

in Mock/PVM disease severity was observed between control and IFNAR treated groups, 

which is supported by Heinze et al. (153). Heinze et al. did not observe differences in 

weight loss during PVM infection in wild-type or IFNAR-knockout mice. These results 

provide support for the role of reduced type I IFN being a larger contributor to disease 

attenuation than the early interferon response. 

 We next investigated immune cell infiltration into the lungs to see if this could 

explain the effects of coinfection. Histological analyses of single and coinfected mouse 

lungs revealed increased cellular infiltration into the airways for coinfected mice on day 4 

compared to single infected mice (Fig. 5.2). We also observed faster clearance of immune 

cells from the airways in coinfected mice compared to single infected mice. We then used 

flow cytometry to phenotype these immune cells to gauge if there were a predominant 

population responding during coinfection. We observed increased neutrophil influx at early 

time points in mice coinfected with RV two days before PR8, which rapidly contracted by 

day 6 (Fig. 5.5A). PR8-infected mice maintained higher neutrophil numbers on days 2 to 6 

compared to coinfected animals, which reflected neutrophil infiltration seen in other studies 

after influenza infection (200-202). A similar trend was seen during coinfection with RV 

two days before PVM. Coinfection dramatically reduced neutrophil recruitment on days 4 

and 6 compared to single infected mice, similar to other studies with PVM (203) (Fig. 5.6A). 

Excessive neutrophil accumulation and responses, e.g., myeloperoxidase, nitric oxides, and 

neutrophil extracellular traps, have been implicated in causing both IAV (162, 200, 204) and 

RSV (41, 205) disease. To further support this claim, when pre-infection timing of RV 

relative to PR8 or PVM was shortened, RV-mediated disease attenuation was reduced. 

Correlating with this reduction was increased neutrophil infiltration into the lungs for 

RV+PR8, PR8/RV, and PVM/RV coinfections (Fig. 5.8). We also observed a reduction in 

neutrophil chemotactic transcripts (Cxcl1 and Il1b) at later time points during coinfection 

with either PR8 or PVM compared to respective single virus-infections (Table 5.2). A 

similar reduction of neutrophil chemoattractant signaling was observed upon bacterial 

stimulation of RV-infected alveolar macrophages (118). Initial RV infection attenuated 

production of neutrophil chemokines in response to a secondary bacterial infection, which 
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resulted in reduced neutrophil infiltration. This provided a role for an early neutrophil 

infiltration combined with reducing neutrophil infiltration at later times of infection 

contributing to disease attenuation during coinfection. We then depleted neutrophils at early 

time points during coinfection with RV two days before PR8 using an antibody specific to 

the neutrophil Ly6G surface protein. Neutrophil depletion did not create any noticeable 

effects during coinfection compared to control antibody-treated mice (Fig. 5.12). PR8 

replication was also unaffected by neutrophil depletion, and PR8 titers in depleted animals 

matched those of control-treated animals (Fig. 5.12). The mortality and weight loss data 

from the neutrophil depleted and control groups of mice in our experiment were a little 

surprising since previous reports of neutrophil depletion during influenza infection increased 

disease severity (53, 176). These studies determined that neutrophil depletion increased the 

disease of the less pathogenic IAV strains while also causing PR8 infected mice to reach 

peak weight loss one day sooner. The deviations may be due to limiting neutrophil depletion 

to earlier time points, whereas Tate et al. continued neutrophil depletion throughout the 

experiment. These effects may be mouse dependent since they were performed in C57BL/6 

mice and we use BALB/c mice. The effects may also be virus strain-dependent because 

neutrophil depletion increased the severity of less virulent strains of influenza virus. Another 

study reported that neutrophil depletion in PR8-infected mice exhibited mild PR8 pathology 

(162). In contrast, PR8 infection in macrophage-depleted mice resulted in high neutrophil 

infiltration, accompanied by elevated levels of matrix metalloproteinase-9 and 

myeloperoxidase, which contributed to alveolar damage within the lungs. Coinfection 

reduced accumulation of neutrophils at later time points during infection, which would 

reduce the production of these neutrophil-related proteins, thus reduce damage to the lungs. 

This could mean that it is not the early recruitment of neutrophils but reduced late-stage 

neutrophil infiltration that is required for disease attenuation.  

 Flow cytometry analysis of coinfected mouse lungs revealed similar numbers of 

interstitial and alveolar macrophages between PR8-infection and RV/PR8 coinfection (Fig. 

5.5A). RV and PVM coinfected mice had reduced interstitial macrophage numbers and 

increased alveolar macrophage numbers on days 4 and 6 compared to PVM-infected mice 

(Fig. 5.6A). One study reported that depletion of alveolar macrophages before PVM 

challenge slightly improved survival despite increasing viral replication (206). This does not 
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seem to be the mechanism here if alveolar macrophage populations are maintained during 

RV and PVM coinfection compared to PVM infection. One alternative explanation is that 

RV coinfection may be predisposing macrophage populations to being less inflammatory 

compared to single virus infection. Primed alveolar macrophages had attenuated neutrophil 

chemokine responses following bacterial or TLR stimulation (118). Our RNAseq data did 

not identify any dramatic differences in PRR expression or antiviral genes (Table 5.2). This 

would reflect that pre-infection with RV did not increase the chance to recognize a 

secondary viral pathogen, but instead altered how immune cells respond to a secondary 

infection. In vitro, PVM infection of murine macrophages upregulates expression of 

inflammatory cytokines such as TNF-α, IFN-β, macrophage inflammatory protein-1 alpha 

(MIP-1α), macrophage inflammatory protein-1 beta (MIP-1β), and macrophage 

inflammatory protein-2 (MIP-2) (207). A similar study using influenza found that alveolar 

macrophages produced inflammatory proteins at early times post-infection, but at later times 

responses were more anti-inflammatory (208). Cheung et al. also reported that influenza 

infection of macrophages induced higher gene expression of TNF-α and IFN-β (199). Our 

initial TNF-α ELISA (Fig. 5.11) and RNAseq data (Table 5.2) showed coinfection with RV 

and PR8 had lower TNF-α and Tnf levels, respectively, compared to PR8-infected mice (Fig. 

5.11). Decreased TNF-α and IFN-β expression seen in our experiments may reflect a 

transition of macrophage populations away from an inflammatory response to an anti-

inflammatory response. Alveolar macrophages may be directing the immune response 

during coinfection, and further research will be needed to understand their contribution.  

Another potential mechanism could be altered T cell responses during coinfection. 

Once again, our flow cytometry data showed no difference in T cell infiltration for RV/PR8 

coinfection compared to PR8-infection (Fig. 5.5B). But coinfection with RV/PVM 

maintained higher numbers of both CD4+ and CD8+ T cells at later time points compared to 

PVM-infection (Fig. 5.6B). Functional CD8+ T cell responses are required for survival and 

influenza clearance (209), and RAG knockout mice challenged with influenza have 

increased mortality, weight loss, and sustained inflammation (210). T cells play a more 

pathogenic role during PVM infection in C57BL/6 mice by producing inflammatory 

cytokines leading to the classic cytokine storm (211, 212). These studies found that T cells 

were associated with PVM-induced weight loss and mortality, but T cells were also required 
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for clearance of PVM. Our pilot qPCR array showed mice coinfected with RV two days 

before PR8 had increased levels of genes associated with T cell activation and recruitment 

on day 2, e.g., Cxcl9, Cxcl10, and Ifng (Table 5.1). Interestingly, the RNAseq study showed 

decreased Ifng and Gzmb at later time points in infection, related to reduced cytotoxic T cell 

responses. Interferon-gamma knockout mice have increased survival following challenge 

with influenza compared to mice with intact interferon-gamma responses, with survival 

dependent upon IL-5 expression (213). Interferon-gamma knockout may be excessive, and 

reduction in transcript expression seen in our study could be sufficient to promote survival 

in our model. More studies need to be directed at T cell responses to fully tease out their 

contribution to respiratory viral coinfection. 

We did not assess natural killer (NK) cell recruitment to the lungs during 

coinfection. However, RNAseq data imply that coinfection may recruit this cell type. 

Granzyme B was elevated on day 2 in RV and PR8 coinfected mice compared to PR8-

infected mice (Table 5.2). NK cells are known to produce granzyme B (214). This NK cell 

protein is involved in the cytotoxic killing of virally infected cells. NK cells are implicated 

in controlling IAV infection in mice (215, 216), and NK cell depletion increases IAV-

induced disease (217). Increased levels of Gzmb during RV/PR8 coinfection and the 

presence of Ifng could improve NK responses against a PR8 infection and be critical for 

coinfection-mediated disease attenuation. NK cells can also play a pathogenic role during 

PVM infection. The mouse strain C57BL/6 is less susceptible to PVM infection than 

BALB/c (88). C57BL/6 mice produce higher levels of interferon-gamma at early time 

points, but reduced levels at later time points compared to BALB/c mice. Our RNAseq data 

show reduced interferon-gamma transcript levels at later time points during RV/PVM 

coinfection compared to PVM-infected mice (Table 5.2). This suggests that coinfection may 

have reduced NK cell activity at later time points, thus reducing NK cytotoxic killing of 

pulmonary cells. More work will need to address NK cell recruitment and cytokine 

production during coinfection to determine their role during disease attenuation. 

 Finally, the last mechanism could be a more rapid induction of repair processes in 

the lungs. Our pilot qPCR array identified a set of genes associated with anti-inflammatory 

and wound repair processes upregulated in RV and PR8 coinfection compared to single 
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infection (Table 5.1). These data fit other published results that identified a set of wound 

repair genes upregulated during RV infection in vitro (85, 218). These groups identified RV-

induced genes directed at repair of the extracellular matrix, apoptotic pathways, and tissue 

remodeling that could contribute to reduced disease during coinfection within an animal 

model. We have also observed increased cellular proliferation and alveolar architecture 

repair in histological lung sections from RV and PR8 coinfected mice compared to PR8-

infected mice (data not shown). Further studies are required to elucidate which pathways are 

being upregulated, or downregulated, during coinfection that can contribute to repair of 

pulmonary architecture. 

Respiratory viral coinfection remains a complicated mixing pot of immune 

responses. We observed significant differences in type I IFN expression and neutrophil 

recruitment during coinfection compared to a single infection. However, depletion studies 

determined that early neutrophil depletion was not required for attenuation of PR8 disease, 

and early block of type I IFN signaling was not required for attenuation of PVM disease. In 

all likelihood, coinfection effects will not be binary and dominated by one single, obvious 

response and differences will be dependent upon virus pairs. It will likely involve multiple 

facets of the immune response and subtle changes between each arm with coinfection 

supplementing or downregulating responses as needed to reduce disease severity. More 

work is needed to elucidate which portions are required for disease attenuation. 
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CHAPTER 6 

Summary and Conclusions 

 

 Respiratory viral coinfections are a common occurrence in clinical cases, but viral 

coinfections remain understudied within the lab. Using our murine model, we have further 

contributed to the understanding of coinfections, both in vitro and in vivo. This work 

expanded upon the field of coinfection to include the model viruses: PVM, a model for 

severe respiratory syncytial virus infections, and MHV, a model for severe coronavirus 

infections. We can conclude that respiratory viral coinfection with a mild respiratory 

pathogen can reduce the disease severity of a more severe respiratory pathogen. Clinical 

data cannot determine: 1) the amount of time between each viral infection, 2) the order in 

which each virus was contracted, and 3) the severity of each virus infection. Our work 

discovered that all three of these parameters were critical for determining how coinfection 

affected disease severity (Chapter 4). Further work found effects of viral interference were 

minimal during in vitro coinfection with a minor group rhinovirus RV and PR8 (Chapter 3). 

Finally, we determined that early neutrophil recruitment was not required for attenuation of 

PR8 disease, and early type I IFN signaling was not required for attenuation of PVM disease 

(Chapter 5). These experiments provide a foundation to study respiratory viral coinfection 

that can be further expanded by other investigators. Although we were not able to isolate a 

single mechanism that was crucial to disease attenuation by coinfection, we were able to 

exclude some likely candidates. Coinfection creates a complex network for potential 

interactions and manipulations of immune responses in the host. In all likelihood, the 

mechanism of action will not be dependent upon one arm of the immune response but on 

multiple. 

 Viruses are known to induce a type I interferon response upon recognition by target 

or immune cells (219).  This initiates an antiviral response, which limits the extent of virus 

infections by reducing intake of extracellular material, termination of protein synthesis, etc. 

We believed this to be a key mechanism during coinfection because RV induced a rapid 

production of type I interferon in mice, which could then prevent the establishment of a 
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secondary infection. However, after inhibition of type I interferon signaling, we still 

observed coinfection-mediated disease attenuation. One possible explanation for this is type 

I and III interferons have redundant effects during respiratory infection, and we only 

inhibited type I interferon signaling. Pre-treatment of type I interferon receptor knockout 

mice with type III interferon before influenza infection protected mice from mortality and 

limited viral replication (220). In a similar study, clearance of severe acute respiratory 

syndrome-associated coronavirus is reduced when type I and III interferon signaling is 

inhibited (221). Double knockout of type I and III interferon receptors in mice increases 

influenza-induced mortality compared to infection in individual receptor knockout mice 

(222). Double receptor knockout in mice also enhances respiratory syncytial virus 

replication, which is not seen in individual receptor knockout mice. These data support a 

redundant function between type I and III interferons during respiratory virus infection. 

Viruses have mechanisms for circumventing both types I and III interferon responses. The 

nonstructural proteins NS1 and NS2 from pneumonia virus of mice inhibit the production of 

both type I and III interferons in mice (153). IAV nonstructural protein NS1 is well 

documented to interfere with the activation of interferon regulatory factor 3 and downstream 

production of type I interferon (223, 224). IAV polymerase inhibits type I interferon 

production by inhibiting activation of the interferon-beta promoter (198). Rhinovirus 

infection is known to induce higher production of type III interferon compared to its type I 

counterpart in mice (52, 77). Pre-infection with rhinovirus could help control secondary 

virus infections through stimulation of type I and III interferon responses before the 

secondary virus has a chance to circumvent them. Further experiments would need to focus 

on how coinfection-mediated disease attenuation is affected when type III interferon 

signaling is blocked or using a type I and III interferon receptor double knockout mouse 

model. 

 We initially believed that coinfection-mediated disease attenuation was reliant upon 

early neutrophil recruitment followed by rapid clearance of neutrophils from the lungs at 

later time points. However, we found depleting neutrophils early in infection did not affect 

disease attenuation. We did not evaluate the effect of decreased neutrophils at later time 

points, and this could be a potential mechanism coinfection-mediated disease attenuation. 

The early recruitment of neutrophils may have been a red herring and distracted us from 
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another important cell type: alveolar macrophages. Alveolar macrophages are a frontline 

defense in the respiratory tract, but they also tend to play a pathogenic role during some 

infections. Interestingly, depletion of alveolar macrophages prolongs mouse survival 

following pneumonia virus of mice infection (206, 225). Increases in survival are associated 

with a decrease in IL-6 production and an increase in interferon-gamma production. Another 

study reports that priming alveolar macrophages with Lactobacillus plantarum increases 

survival following pneumonia virus of mice infection and limits release of virions from 

alveolar macrophages (163). Depletion of alveolar macrophages during mouse hepatitis 

virus strain 1 infection improves mouse survival compared to non-depleted infected mice 

(166). Depletion of alveolar macrophages has the opposite effect during IAV infections and 

mortality is increased (164, 226). Depletion is linked to increased inflammation and virus 

replication in the lungs during influenza infection. Similar to bacterial priming during 

pneumonia virus of mice infection, priming of mice with Staphylococcus aureus reduces 

influenza-induced mortality, and this phenotype is lost when alveolar macrophages are 

depleted (227). These studies portray a need for alveolar macrophages during respiratory 

virus infection, while also noting they are involved in increased pathogenesis. Our model did 

not focus on the depletion of alveolar macrophage but focused more on the potential priming 

of alveolar macrophages by pre-infection with rhinovirus. Initial rhinovirus infection has 

been shown to modulate cytokine and chemokine production following secondary bacterial 

infections in human alveolar macrophages (134) and mice (118). Primed alveolar 

macrophages were associated with a reduction in neutrophil accumulation. Initial infection 

with rhinovirus may be priming alveolar macrophages to dampen subsequent responses and 

decrease neutrophil recruitment, thus creating our red herring. Future experiments would 

need to identify the role of alveolar macrophages during coinfection. Depletion of alveolar 

macrophages during coinfection could elucidate a key role for this cell type in our model. 

Evaluation of alveolar macrophage-related cytokines and chemokines would further confirm 

the contributions of this cell type. 

 We focused on innate immune responses during coinfection because we observed 

disease attenuation effects early during infection. This does not rule out the possibility for an 

adaptive immune response to participate in coinfection mediated effects. Rhinovirus 

infection in mice recruits lymphocytes four days post-infection (52, 77). Our best model of 
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coinfection-mediated disease attenuation was inoculating rhinovirus two days before a 

secondary virus. This means lymphocytes would be recruited to the lungs two days after 

inoculation with the second virus. These early lymphocytes could be involved in the 

clearance of secondary viral infections or coordinating further immune responses while also 

contributing to pathology (154, 167, 228). Our flow cytometry data do not agree with this 

idea because we did not see an increase in T lymphocytes at early time points on either day 

2 or 4 after secondary virus inoculation (Figs. 5.5B and 5.6B). However, we did not assess 

activation states of T cells recruited during coinfection versus single infection. Initial 

rhinovirus infection could differentially activate T cells to be less pathogenic during a 

subsequent infection. Coinfection could be tested using Rag1 knockout mice or nude mice 

as the model organism. Nude mice are athymic and lack T cells, and Rag1 knockout mice 

lack mature T and B cells. These mice would allow us to determine if disease attenuation 

mediated by coinfection is dependent upon adaptive immune responses or if it is mediated 

solely by the innate immune response. If cell-mediated immune responses are required for 

disease attenuation, further work would need to focus on the role of CD4 and CD8 T cells 

during coinfection using their respective knockout mouse models.  

 Our model of coinfection attenuated disease for multiple, unrelated viruses in 

individual mice. We also used a large enough inoculation volume to ensure all viruses 

reached the lower respiratory tract. This is a little manufactured for infections because it is 

an atypical route for infection. Respiratory tract infections typically initiate in the upper 

respiratory tract before more severe infections progress to lower airways. We could expand 

our model to use a more realistic transmission model by using ferrets. Ferrets replicate 

influenza pathology similar to humans (229) and have been used to study transmission 

dynamics of IAV (230-232). Ferrets are not the best model host for respiratory syncytial 

virus, but ferrets have been used to study viral interference between influenza and 

respiratory syncytial virus (94). One group used immunocompromised ferrets as a 

transmission model for respiratory syncytial virus and found that immunocompromised 

ferrets could transmit the virus to immunocompetent ferrets (233). Ferrets have also been 

used to study severe acute respiratory syndrome-associated coronavirus with some efficacy 

(234, 235). It is unclear whether the ferret is a susceptible host for rhinovirus, but it may be 

worth investigating. Ferrets inoculated with rhinovirus could be co-housed with ferrets 
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inoculated with an unrelated virus and virus transmission could be monitored. This could 

inform if rhinovirus can prevent infection in a primed host through normal means of 

transmission. 

 We determined that a less pathogenic virus can attenuate the disease of a more 

pathogenic virus using a mouse model. This disease attenuation was not limited to one 

specific pairing of viruses but was replicated in multiple unique pairings of viruses. Timing 

of virus inoculations and severity of virus infections did affect the degree of disease 

attenuation. We found that coinfection-mediated attenuation of influenza disease did not rely 

on early neutrophil recruitment using neutrophil depletion studies. We also found that early 

type I interferon signaling was not crucial for attenuation of PVM disease by blocking type I 

interferon receptor during coinfection. Many facets of the immune system may be 

manipulated during coinfection due to multiple viruses coinhabiting a single host. It is 

imperative to elucidate which arms of the immune system are critical to disease attenuation 

during coinfection to understand how coinfection alters disease severity in humans. 
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