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Disease Tolerance as a Defense Strategy



Resistance and tolerance upon infection

• Resistance: A host has evolved mechanisms to kill and eliminate a pathogen 
to promote health from infection.


• Tolerance: A host can also limit the damage that is induced by the pathogen.

Nature Reviews | Immunology
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A host’s health will decrease 
as microorganisms reproduce 
and drive pathogen load to 
higher levels

Immunocompromised hosts cannot 
limit microbial growth, and this leads 
to decreased health during infections

The resistance mechanisms of 
the host will oppose microbial 
growth and thus maintain health

the discussion of tolerance around three 
different issues can make it difficult to find 
commonalities between the immunopatho-
logical mechanisms that define tolerance. To 
overcome this problem, we have organized 
our discussion of tolerance mechanisms by 
considering the effects that a mechanism 
has on tolerance and resistance. We define 
three classes of mechanisms that differ in 
the strength of the association between 
resistance and tolerance (FIG. 2). We consider 
that a mechanism affects tolerance if it is 
predicted to decrease or increase the slope 
of the tolerance curve; it will be important 
to understand both how to decrease the 
mechanisms that increase the slope of the 
tolerance curve and how to augment the 
mechanisms that flatten the curve.

Class one. The distinguishing characteristic 
of our first class of mechanisms is that it 
comprises effector molecules that induce 
resistance mechanisms that can cause self-
harm and as a result decrease tolerance, such 

that resistance and tolerance are absolutely 
linked and their effects are opposite. For 
example, reactive oxygen species that are 
produced during an immune response 
are important for fighting infections, 
but their activity can also induce severe 
immunopathology and even death in some 
cases, thereby decreasing tolerance9,10. 
During evolution, we expect that there has 
been selection for less toxic effectors and 
receptors in the immune system; hosts have 
probably evolved effector molecules, such 
as antimicrobial peptides (AMPs), that 
are less toxic to self than to pathogens11. 
A similar selection must have occurred for 
receptors that trigger immune responses, 
for example, Toll-like receptors (TLRs), 
thereby resulting in higher affinity of these 
receptors for pathogen-associated molecules 
than for self molecules12. This also happens 
at an individual level over the lifetime of 
animals that have an adaptive immune 
response. What most immunologists call 
tolerance — the elimination of self-reactive 

T-cell receptors and antibodies — should 
also increase tolerance according to the 
ecological definition of this word. In all of 
these examples, the factor that is required 
to decrease pathogen load (and thereby 
increase resistance) is the same factor that 
causes immunopathology and increases the 
slope of the tolerance curve (in other words, 
decreases tolerance). 

Class two. In the second class of tolerance 
mechanisms, we have placed regulators that 
control both resistance and tolerance. We 
have separated these from resistance effec-
tors because these signalling molecules do 
not cause pathology directly, and so it might 
be possible to separate their effects on resist-
ance and tolerance by selectively blocking 
specific signalling pathways or signalling 
in specific tissues. For example, tumour-
necrosis factor (TNF) is crucial for fighting 
some infections because it activates immune 
cells and thus has a pro-resistance function13. 
At the same time, the damage that is induced 
by effectors of the activated immune cells, as 
well as additional pathology that is caused 
by other targets of TNF, will decrease the 
health of the host and therefore increase the 
slope of the tolerance curve. These first two 
classes provide examples of factors that are 
predicted to show a trade-off between resist-
ance and tolerance. 

Class three. Tolerance mechanisms that can 
be easily separated from resistance mecha-
nisms form a third class. We suggest that this 
group of mechanisms will provide the most 
useful candidates when searching for new 
drugs and treatments that modulate toler-
ance. We describe five examples here. First, 
during an immune response to infection, 
toxic compounds can be produced by the 
host or pathogen that must be dealt with to 
prevent damage to the host; for example, the 
destruction of red blood cells during malaria 
infection causes free haem (which is toxic 
to the host) to enter the circulation. Haem 
oxygenase 1 acts as a detoxifying enzyme of 
haem14, and defects in this pathway would 
cause a decrease in tolerance. 

Second, resistance responses can be 
expensive in terms of energy expenditure, 
and appropriate energy management is 
required to fuel these responses without 
causing irreparable damage to other systems 
and to leave enough energy for repair. As 
we discuss in more detail later, the fruit fly 
Drosophila melanogaster exhibits altered 
energy use and wasting of the body when 
infected with Mycobacterium marinum, and 
this seems to be due to decreased tolerance15. 

Figure 1 | Definitions and implications of resistance and tolerance. A | Resistance, which is a 
measure of the ability of a host to limit pathogen growth and thereby maintain health, can be inter-
polated from these graphs as the inverse of the mean of the pathogen load. Tolerance, which is a 
measure of the ability of a host to survive an infection at a given pathogen load, is the slope of the 
curve that relates host health to pathogen load. B | The slope that describes tolerance is not a fixed 
property and can vary between strains and possibly even during an infection in one individual. Shown 
are three examples of how strains can differ in terms of tolerance and resistance to pathogen infec-
tion. Ba | These two strains have similar resistance profiles (mean pathogen load is the same) but the 
strain shown in blue has stronger tolerance. Bb | In this hypothetical example, the two strains have 
similar tolerance properties, but the strain shown in blue has weaker resistance. Bc | These two strains 
have different tolerance and resistance properties. Examples of different reaction norms have been 
adapted from REF. 42. 
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Viral-bacterial co-infections
You do an internship in a laboratory focused on understanding pathomechanisms of infectious 
disease. Your PI asked you to test a model of viral and bacterial co-infections using influenza 
virus and Legionella pneumophila, respectively. After testing several conditions of co-infections 
you make the following observations concerning animal survival (see below). 


(1) Interpret the results!

(2) What conclusion can you draw regarding the timing of viral infection?

Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Viral-bacterial co-infections
• An established viral infection is essential for lethality, while a resolved infection with Influenza 

virus no longer affected the ability of mice to clear the infection.

• Co-infected mice featured multiple signs of severe disease, including body weight changes, 

decreased temperature.

You are tasked to measure pathogen burden in the deceased animals. Measuring viral and 
bacterial loads you measure the following effects (see below). 


(1) Describe the results!

Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Despite a notable difference in 
animal survival, the pathogen 
burden between singly infected and 
co-infected animals is the same.



Viral-bacterial co-infections
You presented the findings in your weekly lab meeting. A senior colleague is not yet fully 
convinced that there is no difference in pathogen burden. You were prepared for such concerns 
and showed additional results that corroborate your initial conclusion.


(1) Explain what additional data you might have collected!

There was no systemic dissemination of influenza or Pneumophila after co-infection.

Lethal synergy between influenza and Pneumophilia infection is not due to impaired resistance 
to either pathogen!
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Viral-bacterial co-infections
You wonder whether intact virions were necessary to trigger synergistic lethality in these mice. 


(1) Describe how you could test this hypothesis!

• Inactivation of the virus (IR, Formalin)

• Treatment with an antiviral 

(neuraminidase inhibitor)

(2) What is your conclusion?

Productive viral infection is 
necessary to induce 
systemic lethality!

Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Viral-bacterial co-infections
After discussion with your PI, you think that there might be an excessive inflammatory response 
triggered by co-infection!

(1) What type of analysis would you like to perform to investigate this idea?

Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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(2) Describe the findings and make a conclusion!



Viral-bacterial co-infections
You noted an increased expression of pro-inflammatory cytokines in the lung tissue and BALF 
and concomitantly an increase in inflammatory cells in co-infected mice compared to singly 
infected mice. Therefore, you next ask whether ablating the host immune response might be 
responsible for triggering synthetic lethality.


(1) List experimental measures by which you could interfere into the host immune response!

• Genetic knockout of pattern-recognition receptors or essential adaptor proteins (e.g., TLR2/4)

• Anti-cytokine treatment (e.g., anti-TNFa)

• Depletion of relevant immune cell populations

• Immunocompromised mice (e.g., Rag2 KO mice)

• Systemic immunosuppressive therapy (Dexamethason)



Viral-bacterial co-infections
After several weeks of experimentation, you have acquired the following results.

(1) Describe and conclude!

Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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Fig. 2. Decreasing inflammatory
pathways does not increase sur-
vival of coinfected mice. (A) TNF-a
and IL-1b levels in the BALF of mice
infected with JR32∆flaA 3 days after
influenza virus infection. (B) Immune
cell infiltrate in BALF of mice coinfected
3 days after influenza virus infection. (C)
Types of infiltrating cells in the BALF.
Survival of (D) Tnf−/−, (E) Casp1−/−,
(F) Tlr2−/−Tlr4−/−, (G) Myd88−/−, (H)

Nos2−/−, (I) Gr-1–depleted, and (J) NK1.1–depleted mice coinfected 3 days after infection with influenza virus compared with singly infected controls (Ctrl.). Data
are combined from at least three independent experiments with at least five mice in each group (*P ≤ 0.05; **P ≤ 0.001; ***P ≤ 0.0001). Data were analyzed
with the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Fig. 1. Decreased tolerance with unchanged
resistance of mice coinfected with influenza
virus and L. pneumophila. (A) Survival of mice
infected intranasally with 300 plaque-forming
units (PFUs) of influenza virus and 0, 3, 6, 10, or
14 days (d) later with 1 × 106 L. pneumophila.
To better mirror a human infection, mice were
infected with a strain of L. pneumophila lacking
the flaA gene (JR32∆flaA), which encodes flagellin.
(B) Weight of mice infected with influenza virus or
L. pneumophila alone or coinfected 3 days after
influenza virus. (C) Body temperature of mice co-
infected 3 days after influenza virus compared with
the singly infected controls. (D) Lung bacterial load in
mice coinfected 3 days after influenza virus or mice
infected with L. pneumophila alone. Day 0 indicates
colony-forming units (CFUs) in the lung 1 hour after
infection. (E) Lung viral load in mice coinfected 3 days
after influenza virus or mice infected in influenza
virus alone. (F) Survival of mice coinfected 3 days
after influenza virus infection with LP01DdotA or the
thymidine auxotroph LP02 strains of L. pneumophila.
(G) Survival of mice coinfected 3 days after infec-
tion with inactivated (IA) influenza virus. Data are
combined from at least three independent experiments
with at least five mice in each group (*P ≤ 0.05; **P ≤
0.001). Data were analyzed with the logrank test, gen-
eralized linear model, or analysis of variance (ANOVA).
Error bars represent SD from the mean.
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vival of coinfected mice. (A) TNF-a
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Elimination of all major immune pathways does not rescue from lethal synergy. Therefore, the 
lethal outcome is not solely due to excessive inflammatory response or immunopathology.



Viral-bacterial co-infections
As a final consideration, you tested whether synergistic lethality could also be triggered by a 
severely attenuated strain of Legionella pneumophila!


(1) Describe the results!

To further address the role of pathogen vir-
ulence, we used an attenuated mutant strain of
L. pneumophila, which lacks the Dot/Icm type
IV secretion system and is therefore unable to
secrete virulence factors (14). Administration
of dotA mutant or thymidine auxotroph (LP02)
L. pneumophila, which are severely attenuated
in vivo, still resulted in 100% mortality of co-
infected mice (Fig. 1F and fig. S2) (14). These
results indicate that bacterial virulence or growth
is not essential for lethal synergy of influenza–
L. pneumophila coinfection. Furthermore, mor-
tality is unlikely to be due to failed immune
resistance. However, administration of formalin-
inactivated influenza virus did not synergize
with the subsequent L. pneumophila coinfec-
tion (Fig. 1G), indicating that a productive virus
infection is necessary to make the host sensi-
tive to secondary bacterial infection. Moreover,
treatment of mice with neuraminidase inhibitors
(NAIs) increased survival and decreased weight
loss and hypothermia after coinfection (fig. S3,
A to C), presumably because NAIs suppressed
viral load (fig. S3D) (15).

We next examined whether mortality of
influenza–L. pneumophila coinfection was due
to excessive inflammatory response. Influenza
virus activates three innate immune signaling
pathways: the (i) Toll-like receptor–MyD88, (ii)
RIG-I–interferon-a/b, and (iii) Nlrp3–caspase-
1–interleukin-1 pathways (TLR, Toll-like recep-
tor; IFN, interferon; IL, interleukin) (16, 17).

L. pneumophila is recognized by the innate im-
mune system via several mechanisms, includ-
ing the Naip5/Birc1e-dependent pathway, which
requires an intact Dot/Icm secretion system, and
TLRs (18–22). Gene expression analysis of the
lungs after single infection and coinfection in-
dicated that some of the inflammatory genes,
including tumor necrosis factor–a (TNF-a), nitric
oxide synthase 2 (Nos2), and several chemokines,
were expressed at higher levels in coinfected
compared with single-infected mice (fig. S4).
TNF-a and IL-1b protein levels were also ele-
vated in the broncho-aveolar lavage fluid (BALF)
at day 3 after coinfection (Fig. 2A). Moreover,
there was a significant increase in neutrophil in-
filtration in the lungs of coinfected mice com-
pared with singly infected controls (Fig. 2, B
and C). TNF-a, IL-1b, Nos2, and neutrophils
are all known to play important roles in immu-
nopathology, including in the context of influ-
enza virus infection (23–25). However, we found
that genetic deletions of TNF-a, caspase-1,
MyD88, TLR2/4, and Nos2 or antibody-mediated
depletion of neutrophils or natural killer cells
did not rescue coinfected mice from mortality
(Fig. 2, D to J). Similarly, Rag2−/− mice, which
lack an adaptive immune system, also succumbed
to lethal coinfection, indicating that lymphocyte-
mediated immunopathology is not essential for
the lethal outcome of coinfection (fig. S5A).
Virus-induced IFN-a/b can interfere with anti-
bacterial responses (26). However, IFN-a/b re-

ceptor (IFNAR)–deficient mice (Ifnar1−/−) were
still susceptible to coinfection (fig. S5B). Rag2
and IFNAR knockout mice were also susceptible
to influenza infection alone, Nos2−/− mice were
susceptible to infection with L. pneumophila
alone, and Myd88−/− mice were susceptible to
both single infections. However, in all cases, the
mortality from coinfections was kinetically dis-
tinguishable from that from single infections and
was similar to the mortality kinetics of wild-type
(WT) mice (Figs. 1A and 2, D to J, and fig. S5,
A and B). Finally, systemic treatment of the mice
with synthetic glucocorticoid dexamethasone
or antioxidant N-acetyl cysteine did not rescue
them from mortality of coinfection (fig. S5, C
and D). Collectively, the elimination of all major
immune and inflammatory pathways triggered
by either the viral or bacterial infection did not
rescue the lethal synergy. These results sug-
gest that the lethal outcome of coinfection in our
model was not solely due to excessive inflam-
matory response or immunopathology.

Because neither bacterial growth or virulence
nor host immune responses were individually
required to cause lethality in coinfection, we next
combined host immunodeficiency and bacteri-
al attenuation. We used a severely attenuated
L. pneumophila strain LP02∆dotA∆flaA, which
lacks flaA and dotA and is also a thymidine
auxotroph (27). This strain lacks flagellin and
is unable to replicate and secrete effectors, thus
lacking major immunostimulatory factors, except
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Fig. 3. Increased tissue damage in coinfected lungs. (A) Survival of
Tlr2−/−/Tlr4−/− and C57BL/6 mice coinfected with the LP02∆dotA∆flaA strain of
L. pneumophila. (B) Types of infiltrating cells in BALF of Tlr2−/−/Tlr4−/− and
C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (C) Amount of infiltrating immune cells in BALF of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (D) Red blood cells (RBCs) and (E) albumin in the BALF day 4

after bacterial infection in C57BL/6 mice infected with influenza virus and 3 days
later with the JR32∆flaA strain. (F) Representative images of airways and (G)
histological damage scoring of lung sections 4 days after bacterial infection from
C57BL/6 mice infected with influenza virus and 3 days later with the JR32∆flaA
strain. Data are combined from at least three independent experiments with at
least five mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data were analyzed
using the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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To further address the role of pathogen vir-

ulence, we used an attenuated mutant strain of
L. pneumophila, which lacks the Dot/Icm type
IV secretion system and is therefore unable to
secrete virulence factors (14). Administration
of dotA mutant or thymidine auxotroph (LP02)
L. pneumophila, which are severely attenuated
in vivo, still resulted in 100% mortality of co-
infected mice (Fig. 1F and fig. S2) (14). These
results indicate that bacterial virulence or growth
is not essential for lethal synergy of influenza–
L. pneumophila coinfection. Furthermore, mor-
tality is unlikely to be due to failed immune
resistance. However, administration of formalin-
inactivated influenza virus did not synergize
with the subsequent L. pneumophila coinfec-
tion (Fig. 1G), indicating that a productive virus
infection is necessary to make the host sensi-
tive to secondary bacterial infection. Moreover,
treatment of mice with neuraminidase inhibitors
(NAIs) increased survival and decreased weight
loss and hypothermia after coinfection (fig. S3,
A to C), presumably because NAIs suppressed
viral load (fig. S3D) (15).

We next examined whether mortality of
influenza–L. pneumophila coinfection was due
to excessive inflammatory response. Influenza
virus activates three innate immune signaling
pathways: the (i) Toll-like receptor–MyD88, (ii)
RIG-I–interferon-a/b, and (iii) Nlrp3–caspase-
1–interleukin-1 pathways (TLR, Toll-like recep-
tor; IFN, interferon; IL, interleukin) (16, 17).

L. pneumophila is recognized by the innate im-
mune system via several mechanisms, includ-
ing the Naip5/Birc1e-dependent pathway, which
requires an intact Dot/Icm secretion system, and
TLRs (18–22). Gene expression analysis of the
lungs after single infection and coinfection in-
dicated that some of the inflammatory genes,
including tumor necrosis factor–a (TNF-a), nitric
oxide synthase 2 (Nos2), and several chemokines,
were expressed at higher levels in coinfected
compared with single-infected mice (fig. S4).
TNF-a and IL-1b protein levels were also ele-
vated in the broncho-aveolar lavage fluid (BALF)
at day 3 after coinfection (Fig. 2A). Moreover,
there was a significant increase in neutrophil in-
filtration in the lungs of coinfected mice com-
pared with singly infected controls (Fig. 2, B
and C). TNF-a, IL-1b, Nos2, and neutrophils
are all known to play important roles in immu-
nopathology, including in the context of influ-
enza virus infection (23–25). However, we found
that genetic deletions of TNF-a, caspase-1,
MyD88, TLR2/4, and Nos2 or antibody-mediated
depletion of neutrophils or natural killer cells
did not rescue coinfected mice from mortality
(Fig. 2, D to J). Similarly, Rag2−/− mice, which
lack an adaptive immune system, also succumbed
to lethal coinfection, indicating that lymphocyte-
mediated immunopathology is not essential for
the lethal outcome of coinfection (fig. S5A).
Virus-induced IFN-a/b can interfere with anti-
bacterial responses (26). However, IFN-a/b re-

ceptor (IFNAR)–deficient mice (Ifnar1−/−) were
still susceptible to coinfection (fig. S5B). Rag2
and IFNAR knockout mice were also susceptible
to influenza infection alone, Nos2−/− mice were
susceptible to infection with L. pneumophila
alone, and Myd88−/− mice were susceptible to
both single infections. However, in all cases, the
mortality from coinfections was kinetically dis-
tinguishable from that from single infections and
was similar to the mortality kinetics of wild-type
(WT) mice (Figs. 1A and 2, D to J, and fig. S5,
A and B). Finally, systemic treatment of the mice
with synthetic glucocorticoid dexamethasone
or antioxidant N-acetyl cysteine did not rescue
them from mortality of coinfection (fig. S5, C
and D). Collectively, the elimination of all major
immune and inflammatory pathways triggered
by either the viral or bacterial infection did not
rescue the lethal synergy. These results sug-
gest that the lethal outcome of coinfection in our
model was not solely due to excessive inflam-
matory response or immunopathology.

Because neither bacterial growth or virulence
nor host immune responses were individually
required to cause lethality in coinfection, we next
combined host immunodeficiency and bacteri-
al attenuation. We used a severely attenuated
L. pneumophila strain LP02∆dotA∆flaA, which
lacks flaA and dotA and is also a thymidine
auxotroph (27). This strain lacks flagellin and
is unable to replicate and secrete effectors, thus
lacking major immunostimulatory factors, except
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Fig. 3. Increased tissue damage in coinfected lungs. (A) Survival of
Tlr2−/−/Tlr4−/− and C57BL/6 mice coinfected with the LP02∆dotA∆flaA strain of
L. pneumophila. (B) Types of infiltrating cells in BALF of Tlr2−/−/Tlr4−/− and
C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (C) Amount of infiltrating immune cells in BALF of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (D) Red blood cells (RBCs) and (E) albumin in the BALF day 4

after bacterial infection in C57BL/6 mice infected with influenza virus and 3 days
later with the JR32∆flaA strain. (F) Representative images of airways and (G)
histological damage scoring of lung sections 4 days after bacterial infection from
C57BL/6 mice infected with influenza virus and 3 days later with the JR32∆flaA
strain. Data are combined from at least three independent experiments with at
least five mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data were analyzed
using the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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Viral-bacterial co-infections
Your left with the thought that lethal synergy might be caused by failed tolerance to tissue 
damage! 

(1) What analyses would you like to perform to test this idea?

To further address the role of pathogen vir-
ulence, we used an attenuated mutant strain of
L. pneumophila, which lacks the Dot/Icm type
IV secretion system and is therefore unable to
secrete virulence factors (14). Administration
of dotA mutant or thymidine auxotroph (LP02)
L. pneumophila, which are severely attenuated
in vivo, still resulted in 100% mortality of co-
infected mice (Fig. 1F and fig. S2) (14). These
results indicate that bacterial virulence or growth
is not essential for lethal synergy of influenza–
L. pneumophila coinfection. Furthermore, mor-
tality is unlikely to be due to failed immune
resistance. However, administration of formalin-
inactivated influenza virus did not synergize
with the subsequent L. pneumophila coinfec-
tion (Fig. 1G), indicating that a productive virus
infection is necessary to make the host sensi-
tive to secondary bacterial infection. Moreover,
treatment of mice with neuraminidase inhibitors
(NAIs) increased survival and decreased weight
loss and hypothermia after coinfection (fig. S3,
A to C), presumably because NAIs suppressed
viral load (fig. S3D) (15).

We next examined whether mortality of
influenza–L. pneumophila coinfection was due
to excessive inflammatory response. Influenza
virus activates three innate immune signaling
pathways: the (i) Toll-like receptor–MyD88, (ii)
RIG-I–interferon-a/b, and (iii) Nlrp3–caspase-
1–interleukin-1 pathways (TLR, Toll-like recep-
tor; IFN, interferon; IL, interleukin) (16, 17).

L. pneumophila is recognized by the innate im-
mune system via several mechanisms, includ-
ing the Naip5/Birc1e-dependent pathway, which
requires an intact Dot/Icm secretion system, and
TLRs (18–22). Gene expression analysis of the
lungs after single infection and coinfection in-
dicated that some of the inflammatory genes,
including tumor necrosis factor–a (TNF-a), nitric
oxide synthase 2 (Nos2), and several chemokines,
were expressed at higher levels in coinfected
compared with single-infected mice (fig. S4).
TNF-a and IL-1b protein levels were also ele-
vated in the broncho-aveolar lavage fluid (BALF)
at day 3 after coinfection (Fig. 2A). Moreover,
there was a significant increase in neutrophil in-
filtration in the lungs of coinfected mice com-
pared with singly infected controls (Fig. 2, B
and C). TNF-a, IL-1b, Nos2, and neutrophils
are all known to play important roles in immu-
nopathology, including in the context of influ-
enza virus infection (23–25). However, we found
that genetic deletions of TNF-a, caspase-1,
MyD88, TLR2/4, and Nos2 or antibody-mediated
depletion of neutrophils or natural killer cells
did not rescue coinfected mice from mortality
(Fig. 2, D to J). Similarly, Rag2−/− mice, which
lack an adaptive immune system, also succumbed
to lethal coinfection, indicating that lymphocyte-
mediated immunopathology is not essential for
the lethal outcome of coinfection (fig. S5A).
Virus-induced IFN-a/b can interfere with anti-
bacterial responses (26). However, IFN-a/b re-

ceptor (IFNAR)–deficient mice (Ifnar1−/−) were
still susceptible to coinfection (fig. S5B). Rag2
and IFNAR knockout mice were also susceptible
to influenza infection alone, Nos2−/− mice were
susceptible to infection with L. pneumophila
alone, and Myd88−/− mice were susceptible to
both single infections. However, in all cases, the
mortality from coinfections was kinetically dis-
tinguishable from that from single infections and
was similar to the mortality kinetics of wild-type
(WT) mice (Figs. 1A and 2, D to J, and fig. S5,
A and B). Finally, systemic treatment of the mice
with synthetic glucocorticoid dexamethasone
or antioxidant N-acetyl cysteine did not rescue
them from mortality of coinfection (fig. S5, C
and D). Collectively, the elimination of all major
immune and inflammatory pathways triggered
by either the viral or bacterial infection did not
rescue the lethal synergy. These results sug-
gest that the lethal outcome of coinfection in our
model was not solely due to excessive inflam-
matory response or immunopathology.

Because neither bacterial growth or virulence
nor host immune responses were individually
required to cause lethality in coinfection, we next
combined host immunodeficiency and bacteri-
al attenuation. We used a severely attenuated
L. pneumophila strain LP02∆dotA∆flaA, which
lacks flaA and dotA and is also a thymidine
auxotroph (27). This strain lacks flagellin and
is unable to replicate and secrete effectors, thus
lacking major immunostimulatory factors, except
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Fig. 3. Increased tissue damage in coinfected lungs. (A) Survival of
Tlr2−/−/Tlr4−/− and C57BL/6 mice coinfected with the LP02∆dotA∆flaA strain of
L. pneumophila. (B) Types of infiltrating cells in BALF of Tlr2−/−/Tlr4−/− and
C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (C) Amount of infiltrating immune cells in BALF of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with strain LP02∆dotA∆flaA 3 days after influenza
virus infection. (D) Red blood cells (RBCs) and (E) albumin in the BALF day 4

after bacterial infection in C57BL/6 mice infected with influenza virus and 3 days
later with the JR32∆flaA strain. (F) Representative images of airways and (G)
histological damage scoring of lung sections 4 days after bacterial infection from
C57BL/6 mice infected with influenza virus and 3 days later with the JR32∆flaA
strain. Data are combined from at least three independent experiments with at
least five mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data were analyzed
using the logrank test, t test, or ANOVA. Error bars represent SD from the mean.
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(2) Describe and interpret the results!



Viral-bacterial co-infections
Following these results you search the literature for factors that might be able to attenuate the 
tissue damage response. You find the following paper abstract:

(1) Based on the conclusion of the paper, what would you test next?



Viral-bacterial co-infections
You test the effects of administration of amphiregulin (AREG) and make the following 
observations:

for cell-wall components detectable by TLR2
and TLR4. Therefore, we used this strain to
coinfect TLR2/TLR4 double-deficient mice.
Tlr2−/−/Tlr4−/− mice coinfected with influenza vi-
rus and LP02∆dotA∆flaA had a small increase in
survival compared with WTmice infected with the
same strain of bacteria (Fig. 3A); however, most
mice still succumbed to coinfection. Tlr2−/−/Tlr4−/−

mice coinfected with LP02∆dotA∆flaA had de-
creased immune cell infiltrate into the BALF at
day 3 after infection, when comparedwith C57BL/6
mice infected with either LP02∆dotA∆flaA or
Jr32∆flaA (Figs. 2, B andC, and 3, B andC). Thus,
severely attenuated, nonreplicating L. pneumophila
still caused mortality in coinfected Tlr2−/−/Tlr4−/−

mice, despite almost a complete lack of immu-
nostimulatory signals.

The lethal outcome of influenza–L. pneumophila
coinfection, despite normal control of pathogen
growth, suggests that the mortality could be due
to a failed tolerance to tissue damage caused by
coinfection. Coinfected mice had high levels of
red blood cells and albumin in the BALF (Fig.
3, D and E), indicating a damage to the lung

epithelial-capillary barrier (28). The lung epithe-
lial damage was further confirmed by histological
analysis (Fig. 3, F and G). The principal differ-
ence among the singly infected and coinfected
mice was in the degree of airway epithelial ne-
crosis, with the coinfected lungs having a signif-
icant increase in epithelial cell damage. Extensive
damage to the airway epithelia, with secondary
alveolar collapse (Fig. 3, D to G), is presumably
responsible for the mortality of the coinfection.

Consistent with the histological evidence of
lung tissue damage, a gene expression analysis
revealed that a cohort of genes involved in tis-
sue protection and repair was specifically down-
regulated in coinfected compared with singly
infected or uninfected mice. This cohort included
genes that are essential for tissue and cellular re-
pair and development in the lung, such as Mdk,
Adamts2, Timp4, Slpi,Mmp2,Mmp9, Vegfc, Itgb7,
and Itga1 (29), as well as genes involved in stress
response in lung tissue, such as Gcnt2, Hif3a,
Stra13, Hmox1, and Aifm1 (30) (fig. S6).

We next tested whether the defective expres-
sion of the tissue-repair program is responsi-

ble for mortality of coinfection. Amphiregulin
(AREG), an epithelial growth factor family mem-
ber, was recently found to contribute to tissue ho-
meostasis in the lung during influenza infection
(31). Although AREG did not have a significant
effect in WT mice, administration of AREG to
Tlr2−/−/Tlr4−/−mice coinfected with influenza virus
and the LP02∆dotA∆flaA strain of L. pneumophila
significantly increased survival while decreas-
ing weight loss and hypothermia (Fig. 4, A
to C). AREG treatment resulted in decreased
lung damage, as indicated by histopathological
analysis, decreased albumin level in the BALF,
and decreased pulmonary infiltrate (Fig. 4, D to
G). Importantly, AREG treatment significantly
decreased mortality of coinfection (Fig. 4A) but
did not affect the viral and bacterial burdens
(Fig. 4, H and I). The reason AREG admin-
istration did not rescue WT mice from coin-
fection is likely because, in this case, the disease
is too severe and may require a more optimal
regimen of AREG administration or, perhaps,
additional methods of promoting tissue pro-
tection and repair.
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Fig. 4. Targeting tolerance mechanisms in-
creases survival of coinfected mice. (A) Survival,
(B) weight loss, and (C) temperature of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with the LP02∆dotA∆flaA
L. pneumophila strain and treated with AREG daily.
(D) Albumin levels in BALF from coinfected mice
treated with AREG. (E) Histological damage scores,
(F) representative samples of lung airway histology,
and (G) percent area of inflammation per lung of co-
infected lungs from Tlr2−/−/Tlr4−/− and C57BL/6 mice
coinfected with the LP02∆dotA∆flaA L. pneumophila
strain and treated with AREG. (H) PFUs and (I) CFUs
in the lungs of coinfected Tlr2−/−/Tlr4−/− after treat-
ment with AREG. Data are combined from at least
three independent experiments with at least five
mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data
were analyzed with the logrank test, t test, or ANOVA.
Error bars represent SD from the mean.
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(1) Describe and interpret the results!

(2) What would you like to test next?



Viral-bacterial co-infections

for cell-wall components detectable by TLR2
and TLR4. Therefore, we used this strain to
coinfect TLR2/TLR4 double-deficient mice.
Tlr2−/−/Tlr4−/− mice coinfected with influenza vi-
rus and LP02∆dotA∆flaA had a small increase in
survival compared with WTmice infected with the
same strain of bacteria (Fig. 3A); however, most
mice still succumbed to coinfection. Tlr2−/−/Tlr4−/−

mice coinfected with LP02∆dotA∆flaA had de-
creased immune cell infiltrate into the BALF at
day 3 after infection, when comparedwith C57BL/6
mice infected with either LP02∆dotA∆flaA or
Jr32∆flaA (Figs. 2, B andC, and 3, B andC). Thus,
severely attenuated, nonreplicating L. pneumophila
still caused mortality in coinfected Tlr2−/−/Tlr4−/−

mice, despite almost a complete lack of immu-
nostimulatory signals.

The lethal outcome of influenza–L. pneumophila
coinfection, despite normal control of pathogen
growth, suggests that the mortality could be due
to a failed tolerance to tissue damage caused by
coinfection. Coinfected mice had high levels of
red blood cells and albumin in the BALF (Fig.
3, D and E), indicating a damage to the lung

epithelial-capillary barrier (28). The lung epithe-
lial damage was further confirmed by histological
analysis (Fig. 3, F and G). The principal differ-
ence among the singly infected and coinfected
mice was in the degree of airway epithelial ne-
crosis, with the coinfected lungs having a signif-
icant increase in epithelial cell damage. Extensive
damage to the airway epithelia, with secondary
alveolar collapse (Fig. 3, D to G), is presumably
responsible for the mortality of the coinfection.

Consistent with the histological evidence of
lung tissue damage, a gene expression analysis
revealed that a cohort of genes involved in tis-
sue protection and repair was specifically down-
regulated in coinfected compared with singly
infected or uninfected mice. This cohort included
genes that are essential for tissue and cellular re-
pair and development in the lung, such as Mdk,
Adamts2, Timp4, Slpi,Mmp2,Mmp9, Vegfc, Itgb7,
and Itga1 (29), as well as genes involved in stress
response in lung tissue, such as Gcnt2, Hif3a,
Stra13, Hmox1, and Aifm1 (30) (fig. S6).

We next tested whether the defective expres-
sion of the tissue-repair program is responsi-

ble for mortality of coinfection. Amphiregulin
(AREG), an epithelial growth factor family mem-
ber, was recently found to contribute to tissue ho-
meostasis in the lung during influenza infection
(31). Although AREG did not have a significant
effect in WT mice, administration of AREG to
Tlr2−/−/Tlr4−/−mice coinfected with influenza virus
and the LP02∆dotA∆flaA strain of L. pneumophila
significantly increased survival while decreas-
ing weight loss and hypothermia (Fig. 4, A
to C). AREG treatment resulted in decreased
lung damage, as indicated by histopathological
analysis, decreased albumin level in the BALF,
and decreased pulmonary infiltrate (Fig. 4, D to
G). Importantly, AREG treatment significantly
decreased mortality of coinfection (Fig. 4A) but
did not affect the viral and bacterial burdens
(Fig. 4, H and I). The reason AREG admin-
istration did not rescue WT mice from coin-
fection is likely because, in this case, the disease
is too severe and may require a more optimal
regimen of AREG administration or, perhaps,
additional methods of promoting tissue pro-
tection and repair.
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Fig. 4. Targeting tolerance mechanisms in-
creases survival of coinfected mice. (A) Survival,
(B) weight loss, and (C) temperature of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with the LP02∆dotA∆flaA
L. pneumophila strain and treated with AREG daily.
(D) Albumin levels in BALF from coinfected mice
treated with AREG. (E) Histological damage scores,
(F) representative samples of lung airway histology,
and (G) percent area of inflammation per lung of co-
infected lungs from Tlr2−/−/Tlr4−/− and C57BL/6 mice
coinfected with the LP02∆dotA∆flaA L. pneumophila
strain and treated with AREG. (H) PFUs and (I) CFUs
in the lungs of coinfected Tlr2−/−/Tlr4−/− after treat-
ment with AREG. Data are combined from at least
three independent experiments with at least five
mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data
were analyzed with the logrank test, t test, or ANOVA.
Error bars represent SD from the mean.
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(1) Describe and interpret the results!

(2) What additional measurement is necessary to conclude no impact on resistance?



for cell-wall components detectable by TLR2
and TLR4. Therefore, we used this strain to
coinfect TLR2/TLR4 double-deficient mice.
Tlr2−/−/Tlr4−/− mice coinfected with influenza vi-
rus and LP02∆dotA∆flaA had a small increase in
survival compared with WTmice infected with the
same strain of bacteria (Fig. 3A); however, most
mice still succumbed to coinfection. Tlr2−/−/Tlr4−/−

mice coinfected with LP02∆dotA∆flaA had de-
creased immune cell infiltrate into the BALF at
day 3 after infection, when comparedwith C57BL/6
mice infected with either LP02∆dotA∆flaA or
Jr32∆flaA (Figs. 2, B andC, and 3, B andC). Thus,
severely attenuated, nonreplicating L. pneumophila
still caused mortality in coinfected Tlr2−/−/Tlr4−/−

mice, despite almost a complete lack of immu-
nostimulatory signals.

The lethal outcome of influenza–L. pneumophila
coinfection, despite normal control of pathogen
growth, suggests that the mortality could be due
to a failed tolerance to tissue damage caused by
coinfection. Coinfected mice had high levels of
red blood cells and albumin in the BALF (Fig.
3, D and E), indicating a damage to the lung

epithelial-capillary barrier (28). The lung epithe-
lial damage was further confirmed by histological
analysis (Fig. 3, F and G). The principal differ-
ence among the singly infected and coinfected
mice was in the degree of airway epithelial ne-
crosis, with the coinfected lungs having a signif-
icant increase in epithelial cell damage. Extensive
damage to the airway epithelia, with secondary
alveolar collapse (Fig. 3, D to G), is presumably
responsible for the mortality of the coinfection.

Consistent with the histological evidence of
lung tissue damage, a gene expression analysis
revealed that a cohort of genes involved in tis-
sue protection and repair was specifically down-
regulated in coinfected compared with singly
infected or uninfected mice. This cohort included
genes that are essential for tissue and cellular re-
pair and development in the lung, such as Mdk,
Adamts2, Timp4, Slpi,Mmp2,Mmp9, Vegfc, Itgb7,
and Itga1 (29), as well as genes involved in stress
response in lung tissue, such as Gcnt2, Hif3a,
Stra13, Hmox1, and Aifm1 (30) (fig. S6).

We next tested whether the defective expres-
sion of the tissue-repair program is responsi-

ble for mortality of coinfection. Amphiregulin
(AREG), an epithelial growth factor family mem-
ber, was recently found to contribute to tissue ho-
meostasis in the lung during influenza infection
(31). Although AREG did not have a significant
effect in WT mice, administration of AREG to
Tlr2−/−/Tlr4−/−mice coinfected with influenza virus
and the LP02∆dotA∆flaA strain of L. pneumophila
significantly increased survival while decreas-
ing weight loss and hypothermia (Fig. 4, A
to C). AREG treatment resulted in decreased
lung damage, as indicated by histopathological
analysis, decreased albumin level in the BALF,
and decreased pulmonary infiltrate (Fig. 4, D to
G). Importantly, AREG treatment significantly
decreased mortality of coinfection (Fig. 4A) but
did not affect the viral and bacterial burdens
(Fig. 4, H and I). The reason AREG admin-
istration did not rescue WT mice from coin-
fection is likely because, in this case, the disease
is too severe and may require a more optimal
regimen of AREG administration or, perhaps,
additional methods of promoting tissue pro-
tection and repair.
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Fig. 4. Targeting tolerance mechanisms in-
creases survival of coinfected mice. (A) Survival,
(B) weight loss, and (C) temperature of Tlr2−/−/Tlr4−/−

and C57BL/6 mice coinfected with the LP02∆dotA∆flaA
L. pneumophila strain and treated with AREG daily.
(D) Albumin levels in BALF from coinfected mice
treated with AREG. (E) Histological damage scores,
(F) representative samples of lung airway histology,
and (G) percent area of inflammation per lung of co-
infected lungs from Tlr2−/−/Tlr4−/− and C57BL/6 mice
coinfected with the LP02∆dotA∆flaA L. pneumophila
strain and treated with AREG. (H) PFUs and (I) CFUs
in the lungs of coinfected Tlr2−/−/Tlr4−/− after treat-
ment with AREG. Data are combined from at least
three independent experiments with at least five
mice in each group (*P ≤ 0.05; **P ≤ 0.001). Data
were analyzed with the logrank test, t test, or ANOVA.
Error bars represent SD from the mean.
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Viral-bacterial co-infections

(1) Describe and conclude!



Viral-bacterial co-infections
Summary:

- Lethal synergy between bacterial and viral co-infections can results from loss of tolerance to 

infection-induced tissue damage.

- Morbidity and mortality form co-infection is independent of pathogen burden and the 

inflammatory host response

- Promoting tissue repair can be a strategy to mitigate the severity of illness caused by bacterial 

and viral co-infection



General questions

1. Briefly, explain what is meant by disease tolerance to infection. Given a concrete example to illustrate 
the difference between tolerance and resistance other than the one mentioned in the manuscript (Tip: 
check the 1st paragraph/page of the further reading article).


2. Influenza virus can decrease the immune response to bacterial infection – can you search for one 
possible explanation?


3. Describe briefly the disease that results from Legionella pneumophila infection!



Questions related to the manuscript

1.     Fig-1: Explain how a neuraminidase inhibitor affects influenza infection! 

2.     Fig-1: Explain how bacterial and viral burden can be quantified!

3.     Fig-2: How does the antibody-mediated depletion of NK cells or neutrophils work? What are the 

targets of the antibody? Why are there less cells after the treatment?

4.     Fig-4: The study found that certain genes related to tissue protection and regeneration are 

specifically downregulated in the context of co-infection. Choose a few genes and explain how they 
contribute to tissue protection!



Further on disease tolerance

• Miguel Soares, Global Immunotalks


• https://www.youtube.com/watch?v=yTj1e7poPeg


