
1insight.jci.org   https://doi.org/10.1172/jci.insight.91868

R E S E A R C H  A R T I C L E

Conflict of interest: The authors have 
declared that no conflict of interest 
exists.

License: This work is licensed under 
the Creative Commons Attribution 
4.0 International License. To view 
a copy of this license, visit http://
creativecommons.org/licenses/
by/4.0/.

Submitted: November 18, 2016 
Accepted: February 23, 2017 
Published: April 6, 2017

Reference information: 
JCI Insight. 2017;2(7):e91868. https://
doi.org/10.1172/jci.insight.91868.

M1-like monocytes are a major 
immunological determinant of severity  
in previously healthy adults with  
life-threatening influenza
Suzanne L. Cole,1 Jake Dunning,2 Wai Ling Kok,1 Kambez Hajipouran Benam,1 Adel Benlahrech,1 
Emmanouela Repapi,3 Fernando O. Martinez,4 Lydia Drumright,2 Timothy J. Powell,1  
Michael Bennett,5 Ruth Elderfield,6 Catherine Thomas,7 MOSAIC investigators,8 Tao Dong,1  
John McCauley,5 Foo Y. Liew,9,10 Stephen Taylor,3 Maria Zambon,7 Wendy Barclay,6  
Vincenzo Cerundolo,1 Peter J. Openshaw,2 Andrew J. McMichael,1 and Ling-Pei Ho1

1MRC Human Immunology Unit, Weatherall Institute of Molecular Medicine, University of Oxford, Oxford, United 

Kingdom. 2National Heart and Lung Division, Imperial College London, St. Mary’s Campus, London, United Kingdom. 
3Computational Biology Group, Weatherall Institute of Molecular Medicine, University of Oxford, Oxford, United Kingdom. 
4School of Biosciences and Medicine, University of Surrey, Guildford, United Kingdom. 5The Francis Crick Institute, London, 

United Kingdom. 6Section of Virology, Faculty of Medicine, Wright Fleming Institute, Imperial College London, London, 

United Kingdom. 7National Infection Service, Public Health England, Colindale, London, United Kingdom. 8The MOSAIC 

investigators are detailed in the Supplemental Acknowledgments. 9Division of Immunology, Infection and Inflammation, 

University of Glasgow, Glasgow, United Kingdom. 10School of Biology and Basic Medical Sciences, Soochow University, 

Suzhou, China.

Introduction
Seasonal influenza epidemics can affect 5%–10% of  adults, causing up to 0.5 million deaths annually 
worldwide (1). The most severe disease occurs in those with diverse factors associated with a suboptimal 
immune response, for example, children under 5 years of  age, the elderly, those who are pregnant or on 
immunosuppressants, or those with haematological malignancies. Every year, and particularly in novel 
outbreaks, there is also a small, distinct group of  previously healthy young adults (less than 50 years old) 
who succumbs to severe disease to the point of  requiring ventilatory support. Indeed, during the 2009 
pandemic (pH1N1), although most individuals infected with pH1N1 influenza A virus (IAV) had mild or 
uncomplicated illness, there was a discrete prevalence of  severe disease in otherwise healthy persons. In 
fact, 90% of  all deaths in the pandemic occurred in those under 65 years of  age (2–4). An “immune storm” 
has been suggested to underlie these severe cases, but the critical cellular immune cause remains unclear.

In each influenza season, a distinct group of young, otherwise healthy individuals with no risk 
factors succumbs to life-threatening infection. To better understand the cause for this, we 
analyzed a broad range of immune responses in blood from a unique cohort of patients, comprising 
previously healthy individuals hospitalized with and without respiratory failure during one 
influenza season, and infected with one specific influenza A strain. This analysis was compared 
with similarly hospitalized influenza patients with known risk factors (total of n = 60 patients 
recruited). We found a sustained increase in a specific subset of proinflammatory monocytes, 
with high TNF-α expression and an M1-like phenotype (independent of viral titers), in these 
previously healthy patients with severe disease. The relationship between M1-like monocytes 
and immunopathology was strengthened using murine models of influenza, in which severe 
infection generated using different models (including the high-pathogenicity H5N1 strain) was 
also accompanied by high levels of circulating M1-like monocytes. Additionally, a raised M1/M2 
macrophage ratio in the lungs was observed. These studies identify a specific subtype of monocytes 
as a modifiable immunological determinant of disease severity in this subgroup of severely ill, 
previously healthy patients, offering potential novel therapeutic avenues.
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The mechanisms by which influenza infections cause severe disease are complex and often multifacto-
rial, involving host and viral factors, and secondary bacterial infection (5–8). A cytokine-mediated inflam-
matory response has been shown to cause organ injury and influenza sepsis syndrome, and high levels of  
TNF-α, IL-6, KC, and MCP-1 are established causes of  lung pathology in murine models (6). NK responses 
and neutrophils, both critical for immune protection, can also contribute to pulmonary inflammation during 
severe infection (9). Improper contraction or excessive production of  TNF-α from antigen-specific CD8 T 
cells and high levels of  antigen-specific CD4 T cells and IL-17 have also been shown to correlate with immu-
nopathology (10, 11). However, the cause of  severe infection, specifically in young previously healthy adults, 
remains unknown, in part because of  their relative low frequency during an influenza season. In outbreaks 
involving novel strains of  the virus, such as the H5N1 outbreak in 2010, younger adults were disproportion-
ately affected and reported to have marked hypercytokinemia (12). However, it is unclear whether this is the 
case for all patients with severe influenza or if  this was specific to these young previously healthy individuals.

A pandemic provides the opportunity to study a large number of  patients. This larger group can then 
be separated into subsets of  patients with mild and severe disease and those with and without risk factors. 
This allows us to identify defining immune features for our group of  interest. In this study, performed 
during the second wave of  the 2009 pandemic, an extensive range of  cellular immune responses in freshly 
isolated blood cells was analyzed at the point of  admission to hospital. These human findings were then 
further explored in murine models of  mild and severe infection. Our studies show that a TNF-αhi M1-like 
monocyte response is a key determinant of  disease severity in the young, previously well adults with severe 
infection. Murine studies suggest that these cells contribute to a raised lung M1/M2 macrophage ratio and 
immunopathology of  severe influenza.

Results
Monocytes and low-density granulocytes are significantly increased in previously healthy, young individuals with severe 
influenza. The Mechanisms of  Severe Acute Influenza Consortium (MOSAIC) was established to recruit 
patients with influenza-like illness hospitalized during the pandemic (2009–2010) and the postpandemic 
(2010–2011) periods of  the pH1N1 outbreak (13, 14). Recruitment occurred in 11 London and Liverpool 
hospitals in the United Kingdom, from which fresh blood obtained within 72 hours of  admission (time 
point 1 [TP1]) (Figure 1 and Table 1) was processed in one center (Oxford) for 78 cases. Samples from 
healthy noninfected controls were also sent in identical conditions. Disease severity was defined at the 
point of  sampling according to criteria agreed upon by the MOSAIC consortium and based on the degree 
of  respiratory compromise: grade 1, no respiratory compromise, i.e., normal oxygen saturation breathing 
room air; grade 2, respiratory compromise requiring supplemental oxygen with oxygen saturations ≤93% 
while breathing room air, with or without requirement for noninvasive mechanical ventilatory support; and 
grade 3, respiratory compromise requiring mechanical ventilatory support. We classified grade 1 as “mild” 
disease and grades 2 and 3 as “severe” disease.

All samples were analyzed fresh using flow cytometry for monocyte, neutrophil, NK, CD4, CD8, and 
CD8 effector T cell frequencies and IFN-γ ELIspot response to overlapping peptides of  the entire pH1N1 
proteome. Detailed definitions of  immune populations are found in Table 2 and Supplemental Figure 1 
(supplemental material available online with this article; https://doi.org/10.1172/jci.insight.91868DS1). 
Excess peripheral blood mononuclear cells (PBMCs) were cryopreserved for further use.

Of the 78 patients who presented with symptoms of  influenza, 60 had pH1N1 virus infection confirmed 
by PCR. Of these, 8 were excluded because of  HIV-1 coinfection and 9 did not pass quality control require-

Table 1. Demographics of patient subsets

WRF mild (n = 6) WRF severe (n = 8) NRF mild (n = 6) NRF severe (n = 12) Healthy controls (n = 12)
Days from first symptom — 
median (range)

6 (5–17) 14 (5–21) 14 (5–21) 13 (8–26) NA

Age in years — median (range) 40 (27–58) 52 (23–69) 44 (23–50) 38 (32–48) 32 (25–55)
Gender — male 2 4 2 7 7
BMI >30 0 0 2 (33%) 5 (42%) 1

Characterization of the different patient groups in this study. WRF, with risk factors; NRF, no risk factors.
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ments for sample analyses (see Figure 1 legend for details), leav-
ing 43 patients for our study.

We adopted two analytical approaches. First, we ques-
tioned which immune cells were significantly different between 
mild and severe patients in the whole cohort of  IAV-infected 
patients (n = 43). Then, we excluded those who were on corti-
costeroids and immunosuppressants at the point of  sampling, 
which could independently affect immune response, and divid-
ed the remaining patients into previously healthy individuals 
with no risk factors (NRF) (n = 18), referred to as the NRF 
group (Supplemental Table 1), and those with a variety of  risk 
factors for severe disease, e.g., pregnancy, hematological can-
cers, or asthma (n = 14), referred to as the with risk factors 
(WRF) group (Figure 1 and Table 1). We noted but did not 
segregate patients by BMI (Table 1).

An overview analysis of  the flow cytometry data revealed 
an excess of  large, granular cells in PBMCs from many 
pH1N1-infected patients (Figure 2A). These cells can be clas-
sified as being of  a monocytic (CD11b+CD14mid–hiCD15–) or 
neutrophilic (CD11b+CD14–CD15+) origin (Figure 2B). The 
large number of  CD15+ neutrophilic cells was unexpected, 

since classical neutrophils do not colocalize with mononuclear cells following PBMC isolation by density 
gradient. These low-density granulocytes (LDGs) have also been identified by others in PBMCs from 
patients with severe sepsis, cancer, and HIV-1 infection (15–17).

Examining these and the other cellular immune responses in all patients with confirmed pH1N1 
infection (n = 43), we found that monocytes and LDGs were the only significantly different immune 
populations between patients with severe and mild disease (Figure 2, C and D, and Table 2).

Viral burden (obtained from nasal swabs or nasopharyngeal aspirates 24 hours before TP1) was presented 
as “pfu/ml equivalents”, derived from a standard curve generated by seeding known amounts of  pH1N1 
RNA onto MDCK plaque assays.The severe group had a significantly higher viral load relative to the mild 
group, though no difference between NRF mild and NRF severe groups was seen (Supplemental Figure 2, A 
and B). Additionally, there was no relationship between viral load and when the samples were obtained (Sup-
plemental Figures 2, C–F). Neither monocytes nor LDG levels correlated with viral load (Figure 2, E and F).

When we divided the patients into mild and severe NRF and WRF groups, excluding those on corti-
costeroids and immunosuppressants, the significant differences in monocyte and LDG levels between mild 
and severe cases were only found in the group of  patients with NRF (Figure 2, G and H, and Supplemental 
Figure 3). This was also the case when monocytes and LDGs were analyzed as percentages of  live cells in 
PBMCs (Supplemental Figure 4, A and B).

Because patients were hospitalized at different time points after the onset of  symptoms, we ques-
tioned if  the observed increase in monocyte and LDG levels was related to the length of  time from 
infection. We found no correlation between monocyte or LDG levels and the length of  time from onset 
of  symptoms (r = 0.4; P = 0.11 and r = 0.3; P = 0.25, respectively, rank-sum correlation test). Impor-

Figure 1. Flow chart of patient recruitment and grouping. 
All patients with suspected influenza A virus (IAV) infection 
(influenza-like symptoms) were sampled at TP1. aTechnical quality 
control (QC) required that all samples were processed without any 
freeze-thaw cycles, all baseline “fluorescence minus one” FACS 
controls were present, and control fluorochromes were at the 
expected intensity on the day of acquisition. bComorbidities in the 
study were hematological malignancies, asthma, chronic obstruc-
tive pulmonary disease (COPD), diabetes mellitus, cardiac failure, 
ischemic heart disease, and cancers. Patients with hypertension 
were not excluded. TP, time point; WRF, with risk factors; NRF, no 
risk factors.
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tantly, when standardizing for time from first symptoms by examining a subset of  patients sampled at 
similar points from first symptoms (n = 6 NRF mild patients [range: 8–18 days; average 11.6 days] and 
n = 5 NRF severe patients [range: 8–17 days; average 12.2 days]), we again observed a similar increase 
in numbers of  monocytes and LDGs in severe NRF patients only (Figure 2, I and J).

Figure 2. Sustained increase in monocyte levels in NRF patients with severe IAV infection. (A) Typical flow cytometry size-granularity plots from a severe 
pH1N1 and an ILI patient demonstrating excess of large, granular immune cell populations (gates “a” and “b”) for IAV-infected patients. ILI, influenza-like 
illness but PCR negative for influenza virus. (B) Gate “a” from A was identified as CD15+CD14– low density granulocytes (LDG) and gate “b” comprised CD14+ 
(CD14mid–hi) monocytes. Gate “b” can further be divided into CD14hiCD16– classical monocytes: “i”; CD14hiCD16+ intermediate or inflammatory monocytes, “ii”; 
and CD14midCD16+ nonclassical or patrolling monocytes, “iii.” These gates were CD3–. (C and D) Circulating CD14+ (i.e., CD14mid–hi) monocytes and CD15+ LDG 
expressed as absolute numbers of cells per ml of blood for all pH1N1 patients (n = 43; n = 17 mild, n = 26 severe) and healthy controls (n = 12). (E and F) Rela-
tionship between viral load at TP0 (see Table 1) and circulating monocytes and LDG for 41 of 43 pH1N1 patients (viral load unavailable for 2 patients). Viral 
load relative to each patient was expressed as “relative PFU equivalents” (see Methods). (G and H) Number of circulating CD14+ monocytes and CD15+ LDG 
for NRF (no risk factors; n = 18) and WRF (with risk factors; n = 14) patients. (I and J) Monocyte and LDG numbers for n = 5 severe and n = 5 mild NRF patients 
normalized for time from the first symptoms. These patients were sampled between 8 and 18 days from the first symptoms. (K) Monocyte and LDG num-
bers at TP1 (admission) and 4–6 weeks later (TP2) for n = 9 patients from the NRF severe group. Filled symbols refer to patients still hospitalized at TP2. 
r values and significance were calculated using Spearman’s rank test. All values are mean ± SEM for normally distributed sets and median ± interquartile 
range for nonnormal distribution. P values were calculated using Kruskal-Wallis test and Dunn’s multiple comparison test (C, D, G, and H); Mann-Whitney (I 
and J); and Wilcoxon matched-pairs signed rank test for TP1 versus TP2 (K). *P < 0.05; **P < 0.01; ****P < 0.0001. TP, time point; HC, healthy control.
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Figure 3. Monocytes in severe NRF patients are M1 like. (A–C) Classical, inflammatory, and patrolling monocytes in blood of mild and severe NRF and 
WRF patients. (D) Pie chart representation of classical, inflammatory, and patrolling monocyte frequencies in blood of NRF or WRF patients and healthy 
controls (HC) observed in A–C. Values refer to % of total monocytes. (E) Ex vivo expression of genes associated with M1 and M2 macrophage differentia-
tion in CD14+ monocytes isolated from n = 10 NRF and n = 5 WRF patients with severe disease. Each gene is normalized to β-actin in the sample and then 
compared with the mean of the gene/β-actin of healthy controls (n = 9) (Mann-Whitney test with Bonferroni correction for multiple testing; ** adjusted 
P = 0.01). (F) TNF-α gene expression normalized to CD14 gene expression for each of the severe NRF and WRF patients and healthy controls. (E and F) 
Asterisks refer to statistically different genes comparing NRF severe and WRF sever. (G) TNF-α/IL-10 gene expression. (H) Ratio of TNF-α/IL-10 protein 
expression by intracellular cytokine staining. TNF-α and IL-10 expression (as cytokine-positive cells, as proportion of CD14+ monocytes) was measured 
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Nine patients from the NRF group with severe disease consented to an additional blood sample 4–6 
weeks after acute sampling (TP2), providing paired comparisons. There was no significant difference in 
monocyte levels between TP1 and TP2 (Figure 2K). Patients who were still hospitalized at TP2 had a sig-
nificantly higher percentage of  monocytes than those who had been discharged (Supplemental Figure 4C). 
In contrast, LDG levels were markedly decreased at TP2 (Figure 2K and Supplemental Figure 4D).

As more patients in the NRF group had increased BMI compared with the WRF group, we also ques-
tioned if  BMI influenced the monocyte and LDG distribution in the group but did not find any significant 
association between these parameters or with severity (Supplemental Figure 4, E–I). Monocyte, but not 
LDG, levels remained significantly increased in NRF severe group when those with BMI >30 were exclud-
ed from analyses (Supplemental Figure 4, J and K)

Together, these results reveal that high levels of  circulating monocytes and LDGs (independent of  viral 
load) defined the immune profile of  young previously healthy patients with severe disease. However, only 
high levels of  monocytes were sustained in severe disease, while high levels of  LDGs were specific to the 
earliest period of  infection and returned to normal after this period (even in patients who remained ill).

Monocytes from severe NRF patients show M1-like features. We next determined whether the increased 
numbers of  monocytes from severe NRF patients corresponded to a particular phenotype. We first exam-
ined the frequencies of  the well-characterized monocyte subsets: classical (CD14hiCD16–), intermediate or 
inflammatory (CD14hiCD16+), and nonclassical or patrolling (CD14midCD16+) (18). There was a significant 
increase in the inflammatory subset in severe NRF patients, with a corresponding reduction in classical 
monocytes when compared with mild NRF and healthy controls (Figure 3, A–C). However, the inflamma-
tory subset was small relative to the classical subset and made up less than 10% of  monocytes for all groups 
(Figure 3D). We therefore hypothesized that there may be further differences, possibly within the classical 
subset, that were not captured by this division. Since macrophages can be classified as M1 or M2 according 
to specific surface markers secondary to IFN-γ/LPS or IL-4/IL-13 activation respectively (19), and since 
we have previously shown that some M1 and M2 features are conserved between circulating monocytes 
and tissue macrophages (20), we explored the use of  M1 and M2 markers as a method of  characterizing 
monocytes before they differentiate into macrophages. In the first step, we isolated CD14+ monocytes by 
positive MACS bead isolation from stored PBMCs of  10 severe NRF and 5 severe WRF patients (there 
were insufficient cells stored for the mild patients) and 9 of  the healthy controls (all isolated and stored 
with identical methods) and examined ex vivo expression of  11 genes related to the M1 (IL6, TNFA, IDO1, 
GBP1, CXCL10, and IL12B) and the M2 (TGM2, IL10, CD206, CD200R, and CD163) macrophage subsets, 
selected from the recent macrophage activation guidelines (21).

Monocytes from severe NRF and severe WRF groups showed higher expression of  some M1 (TNFA, 
CXCL10, and GBP1) genes compared with healthy controls (Figure 3E). TNFA was significantly increased 
in severe NRF compared with the severe WRF group. This was also the case when TNFA was normalized 
to CD14 levels (Figure 3F). All but one of  the M2 genes (CD163) were downregulated in the NRF severe 
patients compared with healthy controls (Figure 3E). However, the only significant difference between 
NRF severe and WRF severe groups was in TNFA expression. We then used TNFA and IL10 as functional 
representatives for M1 and M2 phenotypes, respectively, and found that the ratio of  TNFA to IL10 expres-
sion was markedly increased in the severe NRF group compared with the severe WRF group (Figure 3G).

We used the remaining stored samples (n = 11 NRF severe patients; no WRF samples were available) to 
validate the TNFA/IL10 gene expression ratio and to examine other representative surface protein levels for 
M1 (CCR7) and M2 (CD163) markers (21). The TNF-α/IL-10 protein ratio was increased in severe NRF 
patients compared with healthy controls by intracellular cytokine staining after 6 hours of  LPS stimulation, 
due to both high TNF-α and a reduction in IL-10 levels in NRF severe patients (Figure 3H and Supplemental 
Figure 5, A and B). CCR7 expression on monocytes from severe NRF patients was also increased compared 
with healthy controls, but CD163 expression was not (Figure 3, I and J). As no samples were available 
from patients with mild disease (NRF or WRF), it was not possible to surmise that the enhanced M1/M2 
ratio for severe NRF patients was not also found in mild NRF patients. However, even if  this were the case, 
the absolute numbers of  M1-like monocytes per ml in severe NRF is likely to be higher than that in mild 

following 6 hours of LPS stimulation of PBMCs. (I and J) Expression of M1 (CCR7 surface staining) and M2 (CD163 surface staining) markers on monocytes, 
measured by flow cytometry. P values were calculated using Kruskal-Wallis test and Dunn’s multiple comparison test for F–G and Student’s t test if data 
were normally distributed and Mann-Whitney test if not for A–D and H–J. *P < 0.05; **P < 0.01. NRF, no risk factors; WRF, with risk factors.
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Figure 4. Increased circulating monocytes in severe IAV infection is matched by high levels of monocyte-derived macrophages in lungs but 
reduced resident alveolar macrophages. (A) Appearance of lungs from day 4 of severe IAV infection (PR8) showing hemorrhagic areas. (B–G) Gating 
of monocytes and neutrophils in blood of mild and severe murine models: classical Ly6G+ neutrophils (i) and CCR2+Ly6ChiLy6G– monocytes (ii) (equiva-
lent to human CD14hi monocytes) on FACS plot of red cell–lysed blood on day 3 of mild (X-179A) and severe (PR8) IAV infection. Alveolar resident 
macrophages are CD11c+SiglecF+ and monocytes or MDMs in BAL are CCR2+. Populations of cells in BAL on day 3 after infection: Ly6CmidF4/80– neutro-
phils (i), Ly6ChiF4/80mid differentiating monocytes/monocyte-derived macrophages (MDM) (ii), and Ly6C– F4/80hi resident alveolar macrophages (iii). 
Positive expression was defined against FMO samples to accommodate autofluorescence. (H and I). Alveolar macrophages (iii) express M2 markers, 
while monocytes/MDMs (ii) express M1 markers and are low in M2 expression. (J–L) Absolute numbers of monocytes and neutrophils in blood and 
monocytes/MDMs and neutrophils in BAL and lung digests on day 3 (D3) after infection with X-179A (mild) or PR8 (severe) and uninfected mice. Find-
ings are from 2 experiments; n = 6 mice in total. Statistical comparison between monocytes and neutrophils in PR8 infection in J–L was performed 
separately and showed higher levels of monocytes/MDMs in BAL and lung digests compared with neutrophils (Mann-Whitney). (M and N) Number of 
Siglec F+ alveolar resident macrophages on day 3 in BAL and lung digests of mice. Statistical significance measured using 1-way ANOVA with Tukey 
test. Horizontal lines and error bars represent mean ± SEM for normally distributed sets and median ± interquartile range for nonnormal distribution. 
*P < 0.05; **P < 0.01; ****P < 0.0001. BAL, bronchoalveolar lavage; FMO, fluorescence minus one controls; AM, alveolar macrophages.
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NRF, given the significant differ-
ence in absolute monocyte numbers 
between these groups (Figure 2G). 
In 4 NRF severe patients, we had 
enough cells to test the difference 
between acute samples at TP1 and 
samples obtained 4–6 weeks later on 
TP2. For these patients, the TNF-α 
and IL-10 protein levels remained 
unchanged (Supplemental Figure 5, 
C and D), suggesting persistence, at 
least, of  the TNF-α and IL-10 intra-
cellular cytokine profile.

These findings show that 
monocytes in NRF patients with 
severe disease displayed signifi-
cantly increased TNF-α and a net 
M1-like phenotype compared with 
uninfected healthy controls and 
severe WRF patients.

Increased M1-like monocytes in 
blood of  severe IAV infection in mice 
is accompanied by high M1 monocyte-
derived macrophages in their lungs. To 
strengthen the findings from the 
human studies and to specifically 
explore the relationship between 
M1-like monocyte and macrophage 
profile in the lungs, we turned to 

murine models of  severe and mild influenza infection. This was particularly important, as we were ethi-
cally unable to sample the lungs of  patients with severe influenza. We first questioned if  M1-like monocytes 
were similarly raised in severe disease, and if  this increase is associated with high M1 monocyte-derived 
macrophages (MDMs) in the lungs.

Immune cells in blood, bronchoalveolar lavage (BAL), and digests of  unperfused lavaged lungs 
were examined in the early phase (day 3) of  a well-established severe IAV infection model (A/PR/8/34 
[PR8]) (Figure 4A and Supplemental Figure 6A) (22), compared with noninfected mice and those infect-
ed with a mild IAV (X-179A). X-179A–infected mice showed no change in weight loss and had signifi-
cantly (P = 0.004) lower lung viral titers compared with PR8 infection but were able to protect against 
secondary challenge with PR8 (Supplemental Figure 6, B and C), indicating that an immune response 
was mounted during primary challenge. We defined the monocytes/MDM spectrum in blood, BAL, 
and lung digests as CCR2+Ly6ChiLy6G–F4/80–/mid cells, and the neutrophil and alveolar resident mac-
rophages as Ly6G+Ly6ChiF4/80– cells and Ly6C–F4/80+CD11c+Siglec F+ cells, respectively (23) (Figure 
4, B–G). M1 macrophages were defined as CD86+Ly6Chi cells and M2 macrophages as CD206+Ly6Chi 
cells, based on established reports (24, 25).

As with others (26), we observed that Siglec F+ alveolar resident macrophages bore an M2-like phe-
notype with high expression of  Dectin-1 and CD206 (Figure 4H), in contrast to infiltrating Ly6Chi mono-
cytes/MDMs, which were M1 like, with increased expression of  CD86 but low Dectin-1 and CD206 
expression (Figure 4I).

Similar to our findings in humans, monocytes and neutrophils in the blood were significantly increased 
in severe infection compared with mild infection (Figure 4J). This was accompanied by high levels of  mono-
cytes/MDMs and neutrophils in the BAL and lung digests (Figure 4, K–L); however, in the lungs, mono-
cyte/MDM levels were in excess of  those of  neutrophils (Figure 4, K and L). In contrast to monocytes/
MDMs, alveolar resident macrophages in severe disease were significantly reduced compared with mild 
infection on day 3 of  infection (Figure 4, M and N).

Figure 5. Blood monocytes and lung monocyte/macrophages are M1 like. (A–C) Number of M1 and M2 
monocytes/MDMs on day 3 in blood, BAL, and lung digests. M1 monocytes were defined as CD86+Ly6Chi cells 
and M2 monocytes as CD206+Ly6Chi in appropriate gates from Figure 4, B–E. 2 experiments; n = 6 mice in total. 
(D and E) TNF-α production measured by flow cytometry intracellular cytokine staining after 6 hours of LPS 
in blood and ex vivo in lungs. Gated on Ly6Chi monocytes from blood. Statistical significance measured using 
1-way ANOVA with Tukey test. Horizontal lines and error bars in graphs represent mean ± SEM for normally 
distributed sets and median ± interquartile range for nonnormal distribution. *P < 0.05; **P < 0.01; ****P < 
0.0001. BAL, bronchoalveolar lavage; MDM, monocyte-derived macrophage.
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Figure 6. M2 macrophage transfer to lungs of infected mice improves disease outcome. (A) M1 and M2 markers on bone marrow–derived macrophages 
(MØ) used for adoptive transfer. Graphs show mean ± SEM from n = 3 preparations of bone marrow pooled from 4–6 mice per preparation. (B and C) Num-
ber of transferred cells (identifiable as CD45.1+ cells) in BAL and lung digests of mice 6 and 24 hours after administration of M1 BMDMs (+M1) or M2 BMDMs 
(+M2). n = 6 mice per group; 2 separate experiments. (Absolute values are given in Supplemental Figure 6, D and E.) (D) Numbers of resident alveolar mac-
rophages in host mice after M1 BMDM or M2 BMDM transfer. 2 experiments, total of 4–6 mice at each time point for B–D. (E–G) Weight loss, clinical scores, 
and percentage of mice culled after adoptive transfer of M1, M2 BMDMs, or PBS. Clinical course was best in the M2-transferred group compared with PBS 
or M1 groups, with statistically significant findings on days 3 and 4. On day 4, mice that received M1 showed significantly worse clinical scores compared 
with those that received PBS and M2: clinical score 0, healthy; 1, calm but still exploring; 2, slow and exploring less; 3, hunched and shivery; 4, inactive; 
and 5, inactive even with handling. Total of n = 6 mice per group, 2 experiments. Differences among the 3 groups were analyzed using 2-way ANOVA with 
repeated measures. Comparisons were performed up to day 4 when all 3 groups still had equal numbers of mice. All P values for multiple comparisons 
were <0.001 except for clinical score on day 3, where the P value for M2 compared with M1 and PBS P < 0.05. For A and D, statistical significance was mea-
sured using 1-way ANOVA with Tukey test. *P < 0.05; **P < 0.01; ***P < 0.001. BMDM, bone marrow–derived macrophage.
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Similar to humans, monocytes and MDMs in blood 
of  mice with severe disease showed a significantly higher 
M1/M2 phenotypic ratio (Figure 5A). This was matched 
by a high M1/M2 phenotypic ratio in the monocyte/
MDM cells in BAL and lung digests of  mice with severe 
infection compared with those with mild infection (Fig-
ure 5, B and C). LPS-induced TNF-α production by blood 
monocytes was significantly higher in mice with severe 
disease (Figure 5D). This was matched by increased ex 
vivo production of  TNF-α from monocytes/macrophages 
in lungs of  PR8-infected mice (Figure 5E) although this 
did not reach statistical significance.

These data show that, as in human disease, M1-like 
circulating monocytes were increased in the acute phase 
of  severe disease in mice. This was matched by high M1 
monocytes/MDMs in the lungs. Alveolar resident macro-
phages with an M2 phenotype were rapidly depleted in the 
acute period of  severe but not mild infection, amplifying 
the M1/M2 macrophage ratio.

Transfer of  M2 macrophages to lungs during the acute phase 
of  severe IAV infection reduces disease severity and improves out-
come. We next questioned whether increasing M1 or M2 
macrophages during the early periods of  infection altered 
immunopathology. We generated M2 bone marrow–
derived macrophages (BMDMs) from CD45.1+ C57BL/6 
mice by culturing bone marrow cells in M-CSF for 6 days 
and then with IL-4 and IL-13 (M2) for the final 24 hours. 
As a comparator, M1 BMDMs were adoptively transferred 
in another group of  mice. M1 BMDMs were generated by 

culturing bone marrow cells with IFNg rather than IL- 4 and IL- 13. BMDMs were >95% F4/80+. M1 and 
M2 BMDMs showed increased CD86 or CD206 and Dectin-1 expression, respectively (Figure 6A).

2 × 106 M1 BMDMs, M2 BMDMs (suspended in PBS), or PBS alone were administered intranasally to 
PR8-infected CD45.2+ C57BL/6 mice 1 day after IAV inoculation. Successful BMDM transfer was shown 
by presence of  CD45.1+ cells among CD45.2+ host cells, observed in BAL and digests of  lavaged lungs at 
the sixth and twenty-fourth hour after transfer (Figure 6, B and C, and Supplemental Figure 6, D and E). 
M2 macrophage transfer was more successful than that with M1, with the transferred cells making up nearly 
20% of  live cells in BAL compared with approximately 10% for M1. This may be due to the higher apoptotic 
rate for IFN-γ–stimulated M1 BMDMs. Neither group of  transferred BMDMs was detectable in the lungs 
at 48 hours after BMDM transfer (i.e., by day 3 of  infection). M1 and M2 BMDM transfer did not alter the 
number of  host macrophages in BAL, which, in the first 2 days, consisted of  only Siglec F+ alveolar resident 
macrophages (Figure 6D). This meant that inadvertently, M2 BMDM transfer increased the M2/M1 ratio 
more than M1 BMDM transfer increased the M1/M2 ratio during the first few days of  infection.

Mice that received M2 BMDMs showed significantly less weight loss following infection (Figure 6E) and 
better clinical scores over 10 days (Figure 6F) compared with infected mice that received PBS or M1 BMDMs. 
Mice that received M2 BMDMs were strikingly different clinically than those that received M1 BMDMs — 
they were able to resist restraint, while M1 mice were sluggish, shivery, and showed little resistance to han-
dling. All mice that received M1 and PBS reached their 20% weight loss limit by days 6 and 7, respectively, 
and were culled, while 25% of mice that received M2 never reached the 20% weight loss limit (Figure 6G).

These findings show that increasing the M2 macrophage levels in the lungs during the acute phase 
of  severe infection improved disease course, supporting a role for M2 macrophages in modulation of  
immunopathology in severe IAV infection.

Lungs from mice with high-pathogenicity H5N1 infection show enrichment of  monocyte-related genes and high 
M1/M2 gene ratio. Finally, to strengthen our hypothesis that a high M1/M2 macrophage ratio is involved 
in lung immune pathology, we questioned if  these findings are also observed in another model of  severe 

Table 2. Cellular immune correlates to disease severity

Immune factors examined AMild vs. severe disease P
CD3+ T cells/ml blood NS

CD14+CD15– monocytes/ml blood *0.01
CD15+CD14– LDG/ml blood *0.03
CD56+CD16+/– NK/ml blood NS

CD14+ monocyte/CD3+ T cell ratio *0.01
CD15+ LDG/CD3+ ratio NS

NK/CD3+ ratio NS
CD4/CD8 T cell ratio NS

CD38+HLADR+CD8 effector T cells (% of CD8) NS
IFN-γ ELISPOT response to IAV peptidesB

pH1N1 HA NS
pH1N1 NA NS
pH1N1 NP NS
pH1N1 NS NS
pH1N1 PA NS
pH1N1 PB NS

pH1N1 M1/M2 NS

Comparison between mild and severe disease at point of sampling (TP1) was 
performed using Mann-Whitney test. Multiple hypotheses testing with false 
discovery rate was also performed but there was no significant adjusted P value for 
any parameters. The T cell profile comprised CD3+ T cells, CD4/CD8 T cell ratio (not 
significant; data not shown), effector CD8+ T cells (CD38+HLADR+), and IFN-γ ELISpot 
response to entire pH1N1/09 proteome (16-hour incubation with overlapping peptides 
of pH1N1/09 proteome). See also Supplementary Figure 3, A–I. An = 43 patients with 
pH1N1 infection. BOnly n = 36 samples were available for testing. *significant P values. 
NS: not significant.
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influenza, that caused by a high-pathogenicity H5N1 IAV infection, which is associated with 60% fatal-
ity in humans (27). Three groups of  mice (n = 6 per group in category 4 biolab facilities) were inoculated 
intranasally with the low-pathogenicity IAV H1N1 (X-179A) (at 1 × 105 times the 50% egg infectious dose/
ml [EID50/ml]) per mouse), severe H5N1 (A/Vietnam/1203/2004) (at 1 × 105 EID50/ml per mouse), or 
PBS. As expected, H5N1-infected mice developed more severe disease, with higher lung viral loads com-
pared with X-179A–infected mice, despite the same inoculating dose (Supplemental Figure 7, A–C). Mice 
were sacrificed at day 0 (before infection) and day 3 and 5 after infection, whole lungs (without flushing or 
lavaging the lungs) were harvested from each mouse, and RNA was extracted for gene expression profiling.

We first examined the enrichment of  immune cellular gene ontology (GO) terms in lungs using the 
Gene Ontology enRIchment anaLysis and visuaLizAtion (GOrilla) tool (28) and relevant GO terms (Sup-
plemental Table 2). We found a marked polarization toward monocyte-related GO terms on day 3 of  
H5N1 infection, which remained skewed on day 5 (Figure 7A and Supplemental Table 2). In contrast, 
high polarization to monocytes only emerged on day 5 in X-179A infection. As the lungs were unperfused, 
these genes reflect expression in cells from blood within the lung vasculature, in addition to cells in the 
interstitium and alveolar space. This was complemented by upregulation of  all chemokine genes involved 
in monocyte recruitment on day 3 in H5N1 infection, whereas only two genes (CCL8 and CXCL10) were 

Figure 7. Lungs from high-pathogenicity H5N1 infection are enriched for monocytes and M1 genes, with downregulation of M2 genes. (A) Quantitative 
spider plot representation of the degree of enrichment of gene ontology (GO) terms for major immune cell subsets using the GOrilla online tool. Numbers 
represent enrichment scores. Granulocyte, regulation of granulocyte chemotaxis; Monocyte, regulation of monocyte chemotaxis; Macrophage, regulation 
of macrophage chemotaxis; B cell, regulation of B cell–mediated immunity; NK cell, regulation of NK cell–mediated immunity; T cell, positive regulation of 
α-β T cell activation. Days 3 and 5 refer to days after infection. (B and C) Expression of differentially regulated monocyte-attracting chemokines in lungs on 
days 3 and 5 after infection with H5N1 (black) or X179A (gray) relative to uninfected mice. (D and E) GSEA enrichment plots of M1 macrophage or M2 mac-
rophage genes in lungs from H5N1- or X179A-infected mice on day 3, showing M1 enrichment of upregulated genes on day 3 for both H5N1 and X179A. This 
indicates an overrepresentation of M1 genes in both infections on day 3. In contrast, there was an underrepresentation of M2 genes in H5N1 but not X179A. 
This is one of 4 gene sets used to interrogate M1 and M2 gene enrichment (GSE51466) (all 4 are shown in Supplemental Figure 8). Enrichment score refers 
to the degree to which the gene set is overrepresented at the top or bottom of the ranked input list of genes. n = 3 mice per group for gene arrays. NES, 
normalized enrichment score (adjusted for gene set size or multiple hypothesis testing). Red bold or blue text indicates statistically significant enrichment 
of genes on day 3 after infection or in uninfected lungs, respectively.
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upregulated in X-179A infection at this time point (Figure 7B). By day 5, more of  these genes were upregu-
lated in mild disease but at lower levels than in H5N1 infection (Figure 7C).

Using gene set enrichment analysis (GSEA) (29), we then tested for enrichment of  M1- or M2-specific 
genes in H5N1 or X-179A infection compared with uninfected lungs. Four gene sets encompassing the 
different methods of  M1 and M2 activation were tested (Supplemental Table 3). Lungs from H5N1 and 
X-179A infection showed enrichment for genes associated with M1 macrophages on day 3 and 5 (Figure 7, 
D, and Supplemental Figure 8, A and B). However, H5N1-infected (but not X-179A–infected) mice showed 
significantly less involvement of  M2 genes when compared with uninfected mice (Figure 7, E), and Supple-
mental Figure 8, A and B) consistent with the loss of  M2-biased alveolar resident cells early in infection in 
the PR8 severe model (Figure 4, E, M, and N).

These findings show that, in comparison to other immune subsets, high and rapid expression of  mono-
cyte genes (possibly from cells carried by blood supplying the lungs), rather than neutrophils, and a high 
M1/M2 macrophage gene ratio in the lung, amplified by downregulation of  M2 genes, were distinctive 
features of  high-pathogenicity H5N1 virus infection. This provides further support for the link between 
high levels of  circulating monocytes (relative to neutrophils) and high M1/M2 ratio during acute phase of  
infection, with disease severity in IAV infection.

Discussion
Many of  those who die from influenza are debilitated by co-existing medical conditions, old age, are very 
young, pregnant or suffering from some other known predisposition. It is highly unusual for previously 
healthy individuals to suffer life-threatening influenza disease, but these patients form a distinct and under-
researched group. Of the 60 cases of  severe influenza that we now report, 18 (30%) were without known 
risk factors (NRF) and were most severely ill — all required mechanical ventilatory support. Although it 
is thought that this group of  severely affected, previously healthy adults is unique to pandemics, our study 
shows that, at least in the first postpandemic season, there was also a sizeable number of  these patients. 
Middle-aged, previously healthy patients are also more highly represented in novel infections like the H5N1 
and H7N9 outbreaks (30); although there are other factors at play in these outbreaks, for example, the high 
pathogenicity of  the virus. We took advantage of  the opportunity to study patients in the second wave of  a 
low-pathogenicity IAV (pH1N1/09) pandemic, which made it less likely that severe infection was caused by 
the novelty or the inherent pathogenicity of  the IAV strain. The study also benefitted from having enough 
patients to stratify into groups with and without risk factors and, within these, those with mild and severe 
influenza, allowing us to determine the immune profile unique of  those severe patients with NRF. We show 
that the ability to mount a particular type of  monocytic response (M1 like, TNF-αhi) is a key feature in severe 
IAV, which appear specific to these young previously healthy patients with severe disease. We note that there 
was a trend toward higher levels of  T cells recognizing pH1N1 HA, NA and NP in PBMC (Supplemen-
tal Figure 3, D–I). This did not correlate with viral load but rather with the ratio of  monocytes to T cells 
(Supplemental Figure 3J), so we speculate that presence of  higher levels of  monocytes may provide better 
antigen-presenting capacity in the assays. In fact, when effector CD8 T cells were examined, no differences 
were found between groups (Supplemental Figure 3C).

We also observed more females in the milder group (mild NRF and mild WRF) compared with the 
severe groups (Table 1) in our study. Gender differences in incidence, morbidity, and mortality have been 
discussed in a WHO report (31), which concluded that, on balance, morbidity is worse in childhood and 
old age for men and worse in middle age for women, possibly due to inclusion of  pregnant women in epide-
miology studies. In our NRF group, pregnancy was excluded, so the cohort supports the possibility that, in 
the NRF groups, severe disease occurred more commonly in male individuals. However, the small numbers 
preclude a robust interpretation.

The murine studies were important to strengthen our human findings, since we were constrained by 
the number of  patients we had within one season and within the consortium. A pathogenic role for tissue 
macrophages per se in severe IAV infection is already shown by other studies (32–36), and this was not the 
intention of  our murine studies. Rather, we questioned whether the high levels of  circulating monocytes 
found in severe human disease with all the incumbent limitations of  human studies (e.g., variation in days 
from infection) could be replicated in the cleaner murine studies. We also wanted to determine if  these 
monocytes were similarly biased toward an M1-like phenotype (since this has not been shown before in 
circulating monocytes) and whether this is matched by high M1 MDMs in the lungs. We can conclude that 
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high ratio of  M1/M2-like monocytes is a feature of  severe influenza infection and this is associated with 
high M1-like macrophages in the lungs.

The lung studies raised the potential significance of  another finding in causation of  severe disease — 
that of  a near depletion of  the M2-biased Siglec F+ alveolar resident macrophages in the early part of  the 
severe but not mild infection. This loss has been reported before, although not in the context of  its contribu-
tion as a M2 macrophage presence and not in direct comparison to milder models with lower viral loads 
(37). The murine studies did not allow for the kinetics of  these cells to be observed, so alveolar resident 
macrophages may also eventually be depleted in the mild model. Although the frequency of  Siglec F+ 
alveolar resident macrophages is low (Figure 4, M and N), their presence may modulate the immunopa-
thology of  infection by way of  having M2-like antiinflammatory properties (23). This study does not prove 
that the Siglec F+ macrophages are involved in improving outcome, merely that presence of  M2 BMDMs 
for a brief  point (in fact, just before the depletion of  M2-biased resident alveolar macrophages occurred) 
improved disease course. Soluble factors produced by these cells, possibly IL-10 (as observed by others) 
(38), may have an influence on the immune profile beyond this brief  period. Another possibility is that the 
transferred M2 macrophages increased phagocytosis of  virus-infected cells. We note that the M1 MDM 
transfer did not result in a significantly worse outcome, although the trend of  clinical scores and weight loss 
was toward worse disease. One explanation could be the lower numbers of  transferred M1 MDMs (Supple-
mental Figure 6, D and E), possibly due to the higher apoptotic rate of  these cells (39). Another possibil-
ity is the relatively low net increase in M1 macrophages provided by the transferred cells within a mouse 
system that already had very high levels of  M1 macrophages. Thus, although there was a clear association 
between high M1-like monocytes in the blood and high M1 macrophages in the lungs and disease severity, 
the limitations of  the M1 macrophage transfer meant that the murine study falls short of  showing that M1 
macrophages per se worsens disease.

We used the “M1” and “M2” nomenclature in our study but acknowledge that there are clear overlaps 
in phenotypes and many functional subtypes that are not covered by this categorization (40). However, they 
remain the most established method of  categorization, and we use it to provide a guide to the functional 
polarization of  macrophages in vivo where M1 are proinflammatory and M2 prorepair or antiinflammato-
ry. Large sets of  genes define these subtypes, and our choice of  surface phenotypic markers reflects accept-
ed representative markers for these subtypes (21, 24, 25). In mice, M2 surface markers are established, with 
CD206, Dectin-1, and CD163 being used together or singly in most publications in this area. M1 is less 
easy, particularly for representative surface markers rather than gene expression. We chose CD86 (as did 
others, refs. 24 and 25) because of  a well-designed study by Kigerl and colleagues (24) showing infiltration 
of  CD86+ (M1) tissue macrophages in vivo, along with gene expression profiling of  all M1 and M2 genes 
from landmark studies on M1 and M2 macrophages (40).

Our findings provide a cellular pathway for the so-called immune storm in these severely ill patients 
(12) and pinpoint a pathway that could potentially be targeted for immune-modulatory therapy. We note 
that both monocytes and LDGs were increased. However, we focused on the monocytes, as their numbers 
were still increased 4–6 weeks after acute infection (in patients who were still in hospital) (Figure 2K), 
providing a stronger correlate to severity. The identity of  the LDGs is also unclear; potentially, they are a 
mixture of  myeloid-derived suppressor cells (15, 41), immature neutrophils (17), activated neutrophils (42), 
and neutrophils undergoing NETosis, which have a lower density than neutrophils (43). Our murine stud-
ies subsequently showed that monocytes were more numerous than neutrophils in the lungs of  severe IAV 
infection (severe PR8 infection, as well as severe H5N1 infection.

In humans, no relationship was found between a high viral load and monocyte response. Our viral load 
values refer to the viral burden at the point of  admission and sampling for the cellular studies. These values 
are accurate to examince the relationship between viral burden (relative to other patients within the cohort 
sampling) and immune parameters, which were measured at the same time. They are likely but may not relate 
to, the initial viral load at the point of  infection. Within these limitations, the lack of  relationship between 
viral load and monocytic response suggest that host predisposition to a high monocytic response could be at 
play. This could be due to host genetic variants that increase the sensitivity of  monocytes to chemoattractants, 
such as CCL2 (44), or, as shown in our recent studies, polymorphisms in IFITM3, a virus restriction factor, 
which was associated with increased CCL2 levels, increased viral load, high levels of  monocytes, and severe 
disease (13, 45). Recently, polymorphisms in the TNF-α gene were found to be overrepresented in severe dis-
ease in a Mexican 2009 pandemic cohort (which comprised mainly patients with no comorbidities) (46) and 
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could be a cause of  the extremely high expression of  TNF-α in monocytes derived from severe NRF patients 
in our study. Direct contribution of  TNF-αhi monocytes to disease severity is strengthened by our murine find-
ings, in which circulating monocytes uniformly secreted more TNF-α protein upon ex vivo stimulation. This 
also resonates with findings from Aldridge et al., in which severe lung injury was observed in conjunction 
with high levels of  TNF-α/iNOS-producing DCs (47).

A role for monocytes in causation of  immune pathology in young previous healthy individuals is also 
supported by a recent community-based study utilizing a broader age range (4 weeks to 71 years). Here, 
Oshansky and colleagues showed that young age and nasal monocyte response correlated most strongly 
with disease severity (48). Infants and young children mounted a high innate immune response, with high 
levels of  monocytes in nasal lavage that were unrelated to viral load. Together with our findings specifically 
in young previously healthy adults, the data suggest that a relatively inexperienced adaptive immune system 
may be a stage for a larger, persistent innate immune response and that monocytes are the chief  players.

Increased monocyte levels are an eminently modifiable feature in humans, and ultimately this study 
concerns the identification of  such a pathway. CSF-1 receptor inhibitors (already in clinical trials) (49) can 
reduce differentiation to macrophages, and their use can be guided by monocyte levels, which can act as 
a biomarker and indicator for treatment. Nebulized corticosteroids used for many years by clinicians for 
asthmatics could also potentially be an M2 macrophage-inducing agent and be delivered specifically to the 
lungs. Our M2 BMDM transfer findings suggest only a small amount of  M2 macrophage in the lungs could 
change disease course. Adoptive transfer of  M2 macrophages, or reprogramming of  M1 macrophages 
toward M2, has successfully alleviated disease in other M1-biased conditions, such as obesity (50), RSV 
(51), and atherosclerosis (52). While multiple pathways are likely to be ultimately responsible for influenza 
pathogenesis, our study suggests that targeting macrophage reprogramming could be a useful therapeutic 
intervention during severe disease. While associated with pathogenesis, TNF-α neutralization has not been 
successful in influenza, and, in fact, targeting a single inflammatory mediator has often been met with little 
success (53). By targeting the macrophage polarization spectrum, multiple pathways could be altered with 
potentially greater and more specific effect.

Finally, we note that TNF-α was more highly expressed in circulating monocytes from the severe NRF 
group compared with the WRF group, highlighting TNF-αhi monocytes as a potential specific biomarker 
for this group. This is significant, as currently there are no predictors for life-threatening disease in other-
wise healthy people with influenza.

In conclusion, our studies identify increased M1-like monocytes as an important correlate of  dis-
ease severity in young previously healthy adult patients with life-threatening disease and suggest that this 
increase leads to raised M1/M2 macrophage ratio in the lungs and contributes to disease severity in these 
patients. This provides a possible mechanistic cause for severity in these patients, a potential early identifier 
and a modifiable immune pathway for therapeutic targeting.

Methods
Human IAV study design. Patients with pandemic influenza A/CA/07/09 (pH1N1) infection who required 
hospitalization in England between November 2010 and February 2011 were recruited via MOSAIC. 
Human sample size was not predetermined, as the study was designed to capture the largest possible popu-
lation of  a rare subset of  patients (previously healthy patients who required hospitalization) during the 
second wave of  the influenza pandemic. All blood samples (including healthy controls) were collected in 
sodium heparin tubes, placed in a BioJar with cool gel packs, and transported by courier immediately to 
Oxford, where they were processed within 4 to 6 hours of  venesection. All samples from MOSAIC were 
tested for pH1N1 by PCR.

Determination of  viral loads in humans. Molecular viral presence was determined from nasal swabs or 
nasopharyngeal aspirate obtained at hospital admission 24–48 hours before TP1 using diagnostic qRT-
PCR performed at West of  Scotland Specialist Virology Centre. Viral nucleic acid was extracted using the 
Qiagen MDx Biorobot automated extractor with the QIAamp Virus MDx Kit according to the manufac-
turer’s instructions. qRT-PCR reactions were set up to a total volume of  15 μl using the Qiagen One-Step 
RT-PCR kit, using primers (influenza A matrix [M] or pH1N1 neuraminidase [NA], ref. 24) as described 
previously (54) on an ABI Prism 7500 SDS real time platform (Applied Biosystems). Positive samples 
were confirmed by detection of  influenza A M or NA gene or rising serology titers where available. For 
viral load quantitation, we first derived the crossing threshold (Ct) value (at the inflexion spot of  the 
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sigmoid amplification curve to capture the point at which DNA amplification is exponential) performed 
in a batched assay as a relative expression of  viral burden against each sample. This was then measured 
against a standard curve of  Ct value to PFU/ml generated by measuring PFU when known amount of  
pH1N1 was inoculated in MDCK cells. The results are presented as “relative PFU equivalents,” the values 
being relative to each other in the batched assay.

IFN-γ ELISPOT assay. Following PBMC extraction, ex vivo ELISpot assays were performed on fresh 
cells using methods described previously (55). Plates were coated the day before with IFN-γ capture anti-
body (1-D1K; MabTech) at 10 μg/ml and blocked with RPMI/10% FCS. 2 × 105 PBMCs were added in 
duplicate to each well with peptides at a final concentration of  2 μg/ml. Plates were incubated for 18 to 
20 hours at 37°C. Culture media was used as a negative control, and 1 μg/ml PHA was used as a positive 
control. Results were expressed as spot-forming units per 106 PBMCs after background subtraction. For 
stimulation with pH1N1-specific peptides, sequences from the full A/CA/04/2009 proteome were split 
into overlapping peptides of  18–20 mers and divided into pools comprising HA, NA, NP, NS, PA, PB, and 
M. Only results derived from assays that passed the standard quality control of  an appropriate positive or 
negative control response and background that did not reduce clarity of  spot-forming units were used.

Flow cytometry. PBMCs were extracted using density gradient separation for same day flow cytom-
etry phenotyping. For surface antigen staining, cells were incubated for 20 minutes at 4°C in the dark 
with fluorochrome-conjugated mAbs in 96-well round-bottom plates in FACS buffer (PBS containing 
10% FCS and 1% BSA). For detection of  intracellular cytokines, cells were fixed following surface 
staining in 1% formaldehyde (Sigma-Aldrich) for 15 minutes at room temperature, washed, and incu-
bated for 30 minutes at 4°C in FACS buffer containing 0.5% Saponin (Sigma-Aldrich) and fluoro-
chrome-conjugated mAbs. Intracellular cytokine staining was performed on cells following a 6-hour 
incubation with or without 1 μg/ml LPS in both human and mouse studies. In human studies, 10 μg/
ml Brefeldin A was added for the last 4 hours of  culture. For TNF-α detection from mouse blood and 
lungs, Brefeldin A was included in all buffers used in sample in all buffers used in sample collection, 
processing and subsequent ex vivo stimulation.

In murine flow cytometry experiments, nonspecific antibody binding was corrected for using FC block 
(anti-CD16/32, eBiosciences). In both human and mouse studies, fluorescence minus one controls were 
used to identify positive populations and account for autofluorescence. Samples were acquired on a CyAn 
analyzer (Beckman Coulter) or a 4-laser configuration LSR-II (BD Biosciences) and analyzed using Flowjo 
V10 (Tree Star). In all instances, data analysis were performed on single live cells by gating out doublets and 
dead cells. All freshly acquired samples had greater than 98% viability.

Antibodies used are listed in Supplemental Table 4 (human) and Supplemental Table 5 (mouse).
qPCR. RNA was extracted from purified CD14+ MACS-isolated monocytes from defrosted PBMCs or 

from homogenized lung tissue from mice using TRIzol reagent (Ambion) and reverse transcribed to cDNA 
using the SuperScript III First-Strand Synthesis System (ThermoFisher Scientific), following the manufac-
turer’s instructions. qPCR assays were set up using SYBR Green master mix (ThermoFisher Scientific) and 
analyzed on the 7900HT Fast Real-Time PCR System with 384-well block module (human CD14+ mono-
cytes) or the 7500 Fast Real-Time PCR System (mouse lungs). Primer sequences for human monocytes are 
listed in Supplemental Table 6. Fold changes were analyzed using the 2–ΔΔCt method. Primers for influenza 
matrix gene in mice have been described previously (56).

Murine IAV models. Seven to eight-week-old female C57BL/6 (CD45.2) mice and B6SJL (CD45.1) 
mice were obtained from breeding pairs originally purchased from The Jackson Laboratory. Mice were 
randomly allocated to infection or control groups. Investigators were not blinded to group allocation 
but were unaware of  outcome (mild, severe, uninfected) during processing of  tissues and analysis by 
flow cytometry. All experiments were designed in keeping with the NC3R guidelines. IAV was admin-
istered to mice intranasally in a total volume of  40 μl as previously described (22). Influenza A (H1N1) 
X-179A, a A/California/07/2009 — A/Puerto Rico/8/34 reassortant, and influenza A (H5N1) A/
Vietnam/1203/2004 were all used at 1 × 105 EID50/ml. Influenza A (H1N1) A/Puerto Rico/8/34 
(PR8) was used at 1 × 105.35 EID50/ml (severe model) or 1 × 103.25 EID50/ml (macrophage transfer mod-
el) in the adoptive transfer experiments to reduce morbidity and cull rate for the model. PBS was used 
to inoculate “uninfected” mice. BAL was collected as previously described (22). Blood was collected in 
EDTA following cardiac puncture, and lungs were cut into 1-mm2 pieces and digested in Collagenase A 
(Roche) (1 mg/ml in PBS) and DNAse I (Sigma-Aldrich) (200 μg/lung) at 37°C.
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Murine macrophage generation and adoptive transfer. Macrophages were generated from bone marrow isolat-
ed from femurs and tibias of  7-week-old female B6SJL (CD45.1) mice by culturing in M-CSF (40 ng/ml) for 
6 days in 6-well low-adherence plates (Corning). After this, macrophages were differentiated over 24 hours 
in IFN-γ (10 ng/ml) for M1, IL-4 and IL-13 (10 ng/ml each) for M2, or nothing for M0. 2 × 106 differenti-
ated macrophages were then transferred intranasally to C57BL/6 (CD45.2) mice 1 day after PR8 infection.

Murine lung tissue microarray. Lungs were removed from euthanized mice, cut into 1-mm2 pieces and placed 
in RNAlater for RNA extraction using TRIzol reagent (Ambion). Lungs were homogenized using glass homog-
enizers and passed through a QiaShredder (Qiagen) for complete tissue disruption. 200 μl Chloroform was 
added to each sample to isolate the aqueous phase containing RNA, which was transferred to a new tube on 
ice. Isopropanol was added to precipitate RNA, and the RNA pellet was washed in 75% ethanol before resus-
pension in Nuclease-free water for quantification and quality assessment using Nanodrop and Agilent 2100 
Bioanalyzer instruments. Intact nondegraded RNA (RIN >8) was used. For microarray, GeneChip whole-
transcriptome (WT) target preparation was performed using the WT PLUS Reagent Kit (Affymetrix) following 
the manufacturer’s instructions, using 100 ng input RNA. Fragmented, labeled samples were hybridized onto 
Mouse Gene 1.0 ST Array chips, stained, and washed using the GeneChip Fluidics Station 450 and the fluo-
rescent signals were captured as data image files for analysis with the Affymetrix Gene Expression Console.

For H5N1 lungs, RNA samples from each group were pooled to comply with low handling protocol in 
category 4 laboratories and hybridized onto one cartridge. For X-179A lungs, each biological replicate was 
hybridized separately (n = 3). Both sets were compared with their own uninfected controls.

Microarray analysis. Microarray data were analyzed with Affymetrix Expression Console Software and 
R program (https://www.r-project.org/) to identify differentially expressed genes. Ranked gene lists were 
created between day 3 or day 5 H5N1 or X-179A lung samples and lungs from uninfected mice for GSEA 
(29) and GOrilla (28) analysis. For GOrilla analysis, GO terms related to monocytes, macrophages, B cells, 
T cells, NK cells, and granulocytes were examined. GSEA was performed using open source software 
(v5.0, Broad Institute, http://www.broadinstitute.org/gsea/index.jsp). Ranked gene lists were computed 
with genes highly expressed in M1 or M2 macrophages, identified from published data sets (NCBI’s Gene 
Expression Omnibus accession GSE35495, GSE32690, GSE63245, and GSE51466), which were analyzed 
with GE02R. For this, M1 macrophages were compared with M2 macrophages to identify genes exclu-
sively upregulated by either subset. Genes at adjusted P < 0.05 and logFC >1.5 were used for analysis. 
Where the number of  genes was above 500, the top 500 genes were used for input into GSEA. Lists of  
genes are included in Supplemental Table 7. GOrilla analysis was performed online (http://cbl-gorilla.
cs.technion.ac.il/) to identify significantly enriched GO terms, which are manually searched for terms relat-
ing to “monocyte,” “macrophage,” “neutrophil,” “granulocyte,” “T cell,” “B cell,” or “NK cell.” Heatmaps 
were created using Mev (http://mev.tm4.org/).

The data set and technical information according to the Minimum Information about a Microarray 
Experiment requirements are available at the Gene Expression Omnibus website (https://www.ncbi.nlm.
nih.gov/geo/; accession GSE70882).

Statistics. All statistical analysis was performed using GraphPad Prism 5.01 (GraphPad) or R program-
ming. Normality of  data distribution was first tested using the D’Agostino and Pearson omnibus normality 
test, and equality of  variance was examined using F test. Normally distributed data sets were compared 
using 2-tailed Student’s t test when comparing two groups or 1-way or 2-way ANOVA when comparing mul-
tiple groups. Where comparisons included data not normally distributed, the Mann-Whitney test was used 
to compare data sets. Where multiple data sets included data that were not normally distributed, Kruskal-
Wallis with Dunn’s multiple comparison post-test analysis was performed. All tests performed were 2 sided. 
Corrections for multiple comparisons in large data sets (Supplemental Table 2 and the gene expression data) 
are specified in legends for the data shown. A P value of  less than 0.05 was considered significant. Error bars 
on graphs represent SEM unless otherwise stated. During data analysis, investigators were unaware of  out-
come groups (mild, severe, healthy) for flow cytometry and ELISPOT studies until analysis was complete.

Study approval. The MOSAIC study was approved by the NHS National Research Ethics Service, Outer 
West London Research Ethics Committee, UK (09/H0709/52, 09/MRE00/67). All adult subjects pro-
vided informed consent, and a parent or guardian of  any child participant provided informed consent on 
their behalf. Informed consent was given in written form in all cases. Where the patient was incapacitated, 
“assent” from relatives, friends, or welfare attorneys was obtained in written form. This was approved by 
the Oxfordshire Research  Ethics Committee, UK.
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H5N1 mouse experiments were performed under substantial severity limit protocols approved by the 
Home Office under the auspices of  the UK Animal Scientific Procedures Act 1986 (PPL 30/2407) in spe-
cific containment facilities at the National Institute of  Medical Research, Mill Hill, under Specified Animal 
Pathogen Orders license PATH/57/2009/1 at biosafety level 4. For all other murine experiments, mice 
were maintained at the Biomedical Services Unit at the John Radcliffe Hospital (Oxford, UK) and were 
used according to established University of  Oxford institutional guidelines under the authority of  a UK 
Home Office project license. The Home Office project license for all experiments allowed up to 20% weight 
loss. Specific permission was given for H5N1 experiments where 35% weight loss was allowed.

Author contributions
SLC designed and performed experiments, analyzed data, and wrote and revised the manuscript. JD orga-
nized and obtained human samples and clinical data. WLK performed H5N1 experiments. KHB and AB 
performed experiments and analyzed data. ER performed the overall statistical analyses. FOM provided 
reagents and intellectual input. LD led the organization of  clinical demographics of  human samples. TJP 
performed ELISPOT experiments and analyzed the ELISPOT output. MB and JM provided reagents and 
contributed to the design of  the category 4 H5N1 experiments. RE and WB led the viral load studies with 
input from CT and MZ. TD provided intellectual input. FYL provided intellectual input and edited the 
manuscript. ST contributed to microarray analysis. VC provided intellectual input. PJO led the MOSA-
IC consortium and edited the manuscript. AJM and LPH led the Cellular Immunology work package 
in MOSAIC. LPH conceived the idea for this paper; supervised the work; led study design, analysis, and 
interpretation; and wrote and revised the manuscript.

Acknowledgments
The authors would like to thank Siamon Gordon for critically reviewing the paper and Alain Townsend for 
discussions. The study was funded by the Wellcome Trust and the Medical Research Council (MRC) (pro-
gram no. U117585868 and U117512723; project grant G0600371). LPH was a Higher Education Funding 
Council for England Senior Fellow, and SLC was a recipient of  an MRC studentship. The MRC UK and 
Wellcome Trust funded MOSAIC via program grant 090382/Z/09/Z and via Imperial College’s Compre-
hensive Biomedical Research Centre. MOSAIC data and clinical samples were provided by the MOSAIC 
consortium. See Supplemental Acknowledgments for consortium details.

Address correspondence to: Ling-Pei Ho, MRC Human Immunology Unit, Weatherall Institute of  Molec-
ular Medicine, The John Radcliffe, Oxford OX4 9DS, United Kingdom. Phone: 00.44.1865.222.401; 
E-mail: Ling-Pei.Ho@imm.ox.ac.uk.

 1. Influenza (Seasonal) Fact Sheet. World Health Organization. http://www.who.int/mediacentre/factsheets/fs211/en/. Updated 
November 2016. Accessed March 8, 2017.

 2. Novel Swine-Origin Influenza A (H1N1) Virus Investigation Team, et al. Emergence of  a novel swine-origin influenza A 
(H1N1) virus in humans. N Engl J Med. 2009;360(25):2605–2615.

 3. Gómez-Gómez A, et al. Severe pneumonia associated with pandemic (H1N1) 2009 outbreak, San Luis Potosí, Mexico. Emerg-
ing Infect Dis. 2010;16(1):27–34.

 4. Louie JK, et al. Factors associated with death or hospitalization due to pandemic 2009 influenza A(H1N1) infection in Califor-
nia. JAMA. 2009;302(17):1896–1902.

 5. La Gruta NL, Kedzierska K, Stambas J, Doherty PC. A question of  self-preservation: immunopathology in influenza virus 
infection. Immunol Cell Biol. 2007;85(2):85–92.

 6. Van Reeth K. Cytokines in the pathogenesis of  influenza. Vet Microbiol. 2000;74(1-2):109–116.
 7. Iwasaki A, Pillai PS. Innate immunity to influenza virus infection. Nat Rev Immunol. 2014;14(5):315–328.
 8. Cole SL, Ho LP. Contribution of  innate immune cells to pathogenesis of  severe influenza virus infection. Clin Sci. 

2017;131(4):269–283.
 9. Abdul-Careem MF, et al. Critical role of  natural killer cells in lung immunopathology during influenza infection in mice. J Infect 

Dis. 2012;206(2):167–177.
 10. Duan S, Thomas PG. Balancing immune protection and immune pathology by CD8(+) T-cell responses to influenza infection. 

Front Immunol. 2016;7:25.
 11. Almansa R, et al. Imbalanced pro- and anti-Th17 responses (IL-17/granulocyte colony-stimulating factor) predict fatal outcome 

in 2009 pandemic influenza. Crit Care. 2011;15(5):448.
 12. de Jong MD, et al. Fatal outcome of  human influenza A (H5N1) is associated with high viral load and hypercytokinemia. Nat 

Med. 2006;12(10):1203–1207.
 13. Everitt AR, et al. IFITM3 restricts the morbidity and mortality associated with influenza. Nature. 2012;484(7395):519–523.

Downloaded from http://insight.jci.org on April 25, 2017.   https://doi.org/10.1172/jci.insight.91868



1 8insight.jci.org   https://doi.org/10.1172/jci.insight.91868

R E S E A R C H  A R T I C L E

 14. Elderfield RA, et al. Accumulation of  human-adapting mutations during circulation of  A(H1N1)pdm09 influenza virus in 
humans in the United Kingdom. J Virol. 2014;88(22):13269–13283.

 15. Brandau S, et al. Myeloid-derived suppressor cells in the peripheral blood of  cancer patients contain a subset of  immature neu-
trophils with impaired migratory properties. J Leukoc Biol. 2011;89(2):311–317.

 16. Bowers NL, Helton ES, Huijbregts RP, Goepfert PA, Heath SL, Hel Z. Immune suppression by neutrophils in HIV-1 infection: 
role of  PD-L1/PD-1 pathway. PLoS Pathog. 2014;10(3):e1003993.

 17. Carmona-Rivera C, Kaplan MJ. Low-density granulocytes: a distinct class of  neutrophils in systemic autoimmunity. Semin 
Immunopathol. 2013;35(4):455–463.

 18. Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat Rev Immunol. 2011;11(11):762–774.
 19. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in diverse forms of  macrophage acti-

vation and polarization. Trends Immunol. 2004;25(12):677–686.
 20. Martinez FO, et al. Genetic programs expressed in resting and IL-4 alternatively activated mouse and human macrophages: 

similarities and differences. Blood. 2013;121(9):e57–e69.
 21. Murray PJ, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. 2014;41(1):14–20.
 22. Kok WL, et al. Pivotal Advance: Invariant NKT cells reduce accumulation of  inflammatory monocytes in the lungs and 

decrease immune-pathology during severe influenza A virus infection. J Leukoc Biol. 2012;91(3):357–368.
 23. Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific context. Nat Rev Immunol. 2014;14(2):81–93.
 24. Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. Identification of  two distinct macrophage 

subsets with divergent effects causing either neurotoxicity or regeneration in the injured mouse spinal cord. J Neurosci. 
2009;29(43):13435–13444.

 25. Kadl A, et al. Identification of  a novel macrophage phenotype that develops in response to atherogenic phospholipids via Nrf2. 
Circ Res. 2010;107(6):737–746.

 26. Misharin AV, Morales-Nebreda L, Mutlu GM, Budinger GR, Perlman H. Flow cytometric analysis of  macrophages and den-
dritic cell subsets in the mouse lung. Am J Respir Cell Mol Biol. 2013;49(4):503–510.

 27. Cumulative number of  confirmed human cases for avian influenza A (H5N1) reported to WHO. World Health Organization. 
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en/. Accessed March 8, 2017.

 28. Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. GOrilla: a tool for discovery and visualization of  enriched GO terms in 
ranked gene lists. BMC Bioinformatics. 2009;10:48.

 29. Subramanian A, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression pro-
files. Proc Natl Acad Sci USA. 2005;102(43):15545–15550.

 30. Beigel JH, et al. Avian influenza A (H5N1) infection in humans. N Engl J Med. 2005;353(13):1374–1385.
 31. Klein SL, Pekosz A, Passaretti C, Anker M, Olukoya P. Sex, gender influenza in achieving gender equality health equity. Geneva, 

Switzerland; World Health Organization(42): 2010.
 32. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD. CCR2+ monocyte-derived dendritic cells and exudate macrophages 

produce influenza-induced pulmonary immune pathology and mortality. J Immunol. 2008;180(4):2562–2572.
 33. Perrone LA, Plowden JK, García-Sastre A, Katz JM, Tumpey TM. H5N1 and 1918 pandemic influenza virus infection results 

in early and excessive infiltration of  macrophages and neutrophils in the lungs of  mice. PLoS Pathog. 2008;4(8):e1000115.
 34. Josset L, et al. Implication of  inflammatory macrophages, nuclear receptors, and interferon regulatory factors in increased viru-

lence of  pandemic 2009 H1N1 influenza A virus after host adaptation. J Virol. 2012;86(13):7192–7206.
 35. Dawson TC, Beck MA, Kuziel WA, Henderson F, Maeda N. Contrasting effects of  CCR5 and CCR2 deficiency in the pulmo-

nary inflammatory response to influenza A virus. Am J Pathol. 2000;156(6):1951–1959.
 36. Herold S, et al. Lung epithelial apoptosis in influenza virus pneumonia: the role of  macrophage-expressed TNF-related apopto-

sis-inducing ligand. J Exp Med. 2008;205(13):3065–3077.
 37. Ghoneim HE, Thomas PG, McCullers JA. Depletion of  alveolar macrophages during influenza infection facilitates bacterial 

superinfections. J Immunol. 2013;191(3):1250–1259.
 38. Wang J, et al. Bacterial colonization dampens influenza-mediated acute lung injury via induction of  M2 alveolar macrophages. 

Nat Commun. 2013;4:2106.
 39. Inagaki Y, Yamagishi S, Amano S, Okamoto T, Koga K, Makita Z. Interferon-gamma-induced apoptosis and activation of  

THP-1 macrophages. Life Sci. 2002;71(21):2499–2508.
 40. Martinez FO, Gordon S. The M1 and M2 paradigm of  macrophage activation: time for reassessment. F1000Prime Rep. 

2014;6:13.
 41. De Santo C, et al. Invariant NKT cells reduce the immunosuppressive activity of  influenza A virus-induced myeloid-derived 

suppressor cells in mice and humans. J Clin Invest. 2008;118(12):4036–4048.
 42. Cloke T, Munder M, Taylor G, Müller I, Kropf  P. Characterization of  a novel population of  low-density granulocytes associ-

ated with disease severity in HIV-1 infection. PLoS ONE. 2012;7(11):e48939.
 43. Knight JS, Kaplan MJ. Lupus neutrophils: ‘NET’ gain in understanding lupus pathogenesis. Curr Opin Rheumatol. 

2012;24(5):441–450.
 44. Nyquist PA, Winkler CA, McKenzie LM, Yanek LR, Becker LC, Becker DM. Single nucleotide polymorphisms in monocyte 

chemoattractant protein-1 and its receptor act synergistically to increase the risk of  carotid atherosclerosis. Cerebrovasc Dis. 
2009;28(2):124–130.

 45. Zhang YH, et al. Interferon-induced transmembrane protein-3 genetic variant rs12252-C is associated with severe influenza in 
Chinese individuals. Nat Commun. 2013;4:1418.

 46. García-Ramírez RA, Ramírez-Venegas A, Quintana-Carrillo R, Camarena ÁE, Falfán-Valencia R, Mejía-Aranguré JM. TNF, 
IL6, and IL1B Polymorphisms Are Associated with Severe Influenza A (H1N1) Virus Infection in the Mexican Population. 
PLoS ONE. 2015;10(12):e0144832.

 47. Aldridge JR, et al. TNF/iNOS-producing dendritic cells are the necessary evil of  lethal influenza virus infection. Proc Natl Acad 
Sci USA. 2009;106(13):5306–5311.

 48. Oshansky CM, et al. Mucosal immune responses predict clinical outcomes during influenza infection independently of  age and 

Downloaded from http://insight.jci.org on April 25, 2017.   https://doi.org/10.1172/jci.insight.91868



1 9insight.jci.org   https://doi.org/10.1172/jci.insight.91868

R E S E A R C H  A R T I C L E

viral load. Am J Respir Crit Care Med. 2014;189(4):449–462.
 49. Hume DA, MacDonald KP. Therapeutic applications of  macrophage colony-stimulating factor-1 (CSF-1) and antagonists of  

CSF-1 receptor (CSF-1R) signaling. Blood. 2012;119(8):1810–1820.
 50. Börgeson E, et al. Lipoxin A4 attenuates obesity-induced adipose inflammation and associated liver and kidney disease. Cell 

Metab. 2015;22(1):125–137.
 51. Shirey KA, et al. Role of  the lipoxygenase pathway in RSV-induced alternatively activated macrophages leading to resolution of  

lung pathology. Mucosal Immunol. 2014;7(3):549–557.
 52. Wolfs IM, et al. Reprogramming macrophages to an anti-inflammatory phenotype by helminth antigens reduces murine athero-

sclerosis. FASEB J. 2014;28(1):288–299.
 53. Salomon R, Hoffmann E, Webster RG. Inhibition of  the cytokine response does not protect against lethal H5N1 influenza infec-

tion. Proc Natl Acad Sci USA. 2007;104(30):12479–12481.
 54. Denney L, et al. Reduction of  natural killer but not effector CD8 T lymphocytes in three consecutive cases of  severe/lethal 

H1N1/09 influenza A virus infection. PLoS ONE. 2010;5(5):e10675.
 55. Powell TJ, et al. Examination of  influenza specific T cell responses after influenza virus challenge in individuals vaccinated with 

MVA-NP+M1 vaccine. PLoS ONE. 2013;8(5):e62778.
 56. Geiss GK, et al. Cellular transcriptional profiling in influenza A virus-infected lung epithelial cells: the role of  the nonstructural 

NS1 protein in the evasion of  the host innate defense and its potential contribution to pandemic influenza. Proc Natl Acad Sci 
USA. 2002;99(16):10736–10741.

Downloaded from http://insight.jci.org on April 25, 2017.   https://doi.org/10.1172/jci.insight.91868


