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In brief

Wong et al. show that antibody
responsiveness after influenza virus
infection is associated with CD4* T cells
and CD14"CD16* monocytes.
CD14"CD16* monocytes are also
important in the mucosal antibody
response. This demonstrates that
seroconversion failure after infection is a
definable immunological phenomenon,
an important consideration for
diagnostics and epidemiological studies.
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SUMMARY

The failure to mount an antibody response following viral infection or seroconversion failure is a largely un-
derappreciated and poorly understood phenomenon. Here, we identified immunologic markers associated
with robust antibody responses after influenza virus infection in two independent human cohorts, SHIVERS
and FLUOQ9, based in Auckland, New Zealand and Memphis, Tennessee, USA, respectively. In the SHIVERS
cohort, seroconversion significantly associates with (1) hospitalization, (2) greater numbers of proliferating,
activated CD4* T cells, but not CD8* T cells, in the periphery during the acute phase of iliness, and (3) fewer
inflammatory monocytes (CD14"CD16*) by convalescence. In the FLU09 cohort, fewer CD14"CD16* mono-
cytes during early illness in the nasal mucosa were also associated with the generation of influenza-specific
mucosal immunoglobulin A (IgA) and IgG antibodies. Our study demonstrates that seroconversion failure af-
ter infection is a definable immunological phenomenon, associated with quantifiable cellular markers that can
be used to improve diagnostics, vaccine efficacy, and epidemiologic efforts.

INTRODUCTION

An increase in antigen-specific antibody titer in the serum,
known as seroconversion, has long been accepted to be a
serological hallmark of a recent infection or antigen exposure.
However, the advent of molecular diagnosis has led to the obser-
vation that some infections do not always result in the subse-
quent production of detectable antibodies, particularly those
with neutralizing and protective activity. This has been docu-
mented in infections with influenza virus,"”® human
coronaviruses,® the Middle East respiratory syndrome (MERS)
coronavirus, ” and the recently emerged severe acute respiratory
syndrome-coronavirus-2  (SARS-CoV-2)%° infections. The
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immunological mechanisms underlying seroconversion failure
are not well understood, but a better understanding is important,
particularly for vaccine design.

The production of high-affinity, durable antibody and B cell
memory responses requires the initiation of a germinal center
(GC) response in secondary lymphoid organs, which is a multi-
step process involving multiple innate and adaptive immune
cells and cytokine signals.'®~'? In humans, the majority of our un-
derstanding of what is required for the generation of a robust
antibody response have been derived from vaccination studies.
Such studies have the advantage of having temporally defined
pre- and post-antigen exposures that facilitate sample and
data acquisition and have used targeted or systems-wide
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approaches to identify correlates of robust antibody production.
These studies have generally found that the activation of B cell
maturation pathways and engagement of innate immunity are
critical for robust antibody production after vaccination.'™"”
The early proliferation of antigen-specific plasmablasts
was another characteristic that was found to precede the
development of vaccine-induced serum antibody responses
and in limited studiesof influenza and dengue virus
infections.'®?° However, given the differences in antigenic
composition and exposure route, post-vaccination responses
may not necessarily reflect the post-infection immune response,
particularly for respiratory viral infections.

For influenza viruses, antibodies that target the major surface
viral glycoproteins, hemagglutinin (HA) and neuraminidase (NA)
are induced after infection. In terms of seroresponses to influenza
virus infection, HA antibodies measured in a hemagglutination-in-
hibition (HAI) assay are considered to be the gold standard. Anti-
bodies detected by HAI assay primarily bind to the HA globular
head, which contains the receptor-binding domain and the major
antigenic sites. These antibodies confer high antigenic specificity
and can provide potent protection from infection in humans and
animal studies.”"** The HAIl assay does not strictly measure virus
neutralizing activity, but its relative ease of use and established
correlation with protection”'™>° have justified its use as a major
serological endpoint in influenza vaccine and infection studies.
Serum HAl-antibody titers >40 have been shown to be associ-
ated with protection from seasonal influenza virus infections”’
and have been adopted as the minimal immunogenicity require-
ment for the licensure of seasonal influenza vaccines.”*
Compared to HA, NA antibodies are less well studied, although
they have also been recently identified as a potential additional
correlate of protection from severe influenza disease.**>2°

The failure to seroconvert by the standard HAI assay after lab-
oratory-confirmed influenza virus infection has been reported in
seroepidemiological,’”® vaccination,”’ and even challenge
studies.” >?® A review of human challenge studies showed
that between 50% and 90% of individuals with PCR
confirmation of influenza virus infection failed to seroconvert by
HAI assay.®>?® The underlying immunologic factors driving the
magnitude of the antibody response following influenza virus
infection is still, however, poorly defined.

Here, we detail the cellular immune profile of individuals
following natural influenza virus infection to identify cell popula-
tions that are involved in mounting a subsequent antibody
response, as indicated by seroconversion in an HAI assay. We
used paired lymphocytes and serum samples collected from
participants with laboratory-confirmed influenza enrolled in The
Southern Hemisphere Influenza and Vaccine Effectiveness,
Research and Surveillance (SHIVERS) study based in Auckland,
New Zealand. We showed that robust antibody production after
infection was associated with the early proliferation of CD4*
T cells and engagement of CD14"CD16* monocytes. We further
validated the role of the CD14"CD16* monocytes in the develop-
ment of mucosal antibodies in the airways using samples from a
separate cohort, FLUQ9, based in Memphis, Tennessee. Our
findings reveal an immunological basis to antibody responsive-
ness after infection that shed light on why some people fail to se-
roconvert after respiratory viral infections.
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RESULTS

Description of seroconverters (SCs) and non-
seroconverters (non-SCs) in the SHIVERS cohort

In the SHIVERS cohort, participants were enrolled according to
the World Health Organization (WHO) case definition for influ-
enza-like illness (ILI) or severe acute respiratory illness (SARI)
from general practices or hospitals in Auckland between August
and October 2013, which coincided with the peak influenza sea-
son in New Zealand.? Of those with PCR-confirmed infection
(N =66), 21 (32%) participants met the definition of HAI serocon-
version (at least a 4-fold increase in antibody titer in the paired
sera). No significant associations of seroconversion with age
(Figure 1A), gender, ethnicity, or virus subtypes were detected.
Hospitalization was, however, associated with more robust re-
sponses, with SARI participants more likely to seroconvert
than ILI participants (86% versus 14%, respectively, p =
0.0012; Table S1). Since the time of sampling and baseline titers
are important factors associated with seroconversion, we also
examined these variables in our cohort. Although the time from
symptom onset to first sample was shorter (median days, inter-
quartile range [IQR]: 9-13.5 versus 12-13.5) (Figure 1B) and the
average first sera HAI titer was lower (geometric mean titer
[GMT], 95% confidence interval [Cl]: 36.9, 18.3-74.4 versus
39.4, 24.6-63.4) for SCs than for non-SCs (Figure 1C), these dif-
ferences were not statistically significant. The large variance
within these two datasets suggests that the failure to serocon-
vert is likely due to multiple factors.

To examine the cellular immune responses associated with
seroconversion, we restricted our cohort to (1) individuals with
low baseline titer-HAI titer of <40 in the first sera and (2) those
whose first sera were sampled within 14 days post-symptom
onset. By definition, SCs showed a 4-fold increase in HAI titer
in the second sera, while non-SCs did not, effectively represent-
ing a failure to mount neutralizing anti-HA antibodies. Individuals
who did not have paired blood samples were excluded. This re-
sulted in N =9 non-SCs and N = 7 SCs. For ease of description,
the first sera were considered acute and the second sera were
considered convalescent.

In this subcohort, SCs had a 16-fold median increase in HAI
titer (range: 4- to 128-fold), resulting in significantly higher conva-
lescent HAI titers compared to non-SCs (GMT, 95% CI: 320,
120.2-852 versus 12.6, 7.9-20.0, respectively; Figure 1D). SCs
showed a more modest increase in the neuraminidase inhibition
(NAI)- and influenza-specific immunoglobulin G (IgG)-antibody
titers between the two time points, with 4- and 2-fold median in-
creases, respectively (range: 2- to 64-fold for NAl and 1- to 128-
fold for HA-IgG, respectively) (Figures 1E and 1F). Non-SCs had
no significant increases in either HAI-, NAI-, or influenza-specific
IgG titers by convalescence, showing similar trends across anti-
body measures. By these measures, SCs showed a robust HAI-
dominant antibody response by convalescence compared to
non-SCs.

SCs have more proliferating CD4"* T cells in the
periphery than non-SCs

To identify the cellular correlates of seroconversion, we
examined innate and adaptive immune cell populations in
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Figure 1. Characteristics of seroconverters (SCs) and non-seroconverters (non-SCs) in the SHIVERS cohort
(A-C) Distribution of (A) age, (B) time-to-first-sera (days), and (C) first sera hemagglutination-inhibition (HAI) titers in the SCs (red, n = 21) and non-SCs (blue, n = 45)
in the SHIVERS cohort. Serology profile of SCs (red, n = 7) and non-SCs (blue, n = 9) in the subcohort with HAI titers <40 within 14 days of enroliment that were

selected for further analysis of their cellular immune profile.

(D-F) HAl titer (D), (E) neuraminidase inhibition (NAI) titer, and (F) influenza-specific IgG titer.
Dashed line in (C)—(E) indicates a titer of 40 and in (F) a titer of 100. ****p < 0.0001, by 1-way analysis of variance, with Bonferroni corrections applied for multiple
comparisons using log-transformed data. Serum samples were tested in single wells at least twice for HAl and NAI assays, while samples were run in duplicate
wells in the ELISA assays. Lines and error bars indicate the median and interquartile range.

the acute and convalescence samples. The percentage and
number of CD4" T cells in the peripheral blood of the SCs
tended to be lower than those in non-SCs in acute samples
(p = 0.06-0.09; Figures 2A and 2B). However, a significantly
higher percentage of these cells in the SCs were actively
proliferating (being Ki67* and Bcl2™) at this time point (Fig-
ure 2C). There was also a trend toward higher frequencies
of activated CD4" T cells that were human leukocyte anti-
gen-DR isotype-positive (HLA-DR*) and CD38" in the SCs
compared to the non-SCs, although this difference was
not statistically supported, likely due to the presence of
two high responders in the non-SC group (Figure 2E). The
frequencies of these cell populations had normalized and
were comparable between the two groups by convales-
cence (Figures 2D and 2F). Notably, there were no signifi-
cant differences in the frequencies, absolute numbers, or
proliferative or activation states of the CD8" T cell popula-
tions between SC and non-SC (Figures S1A-S1F), suggest-
ing that the cytotoxic CD8" T cell response was indepen-
dent of factors regulating the antibody response. We also
did not detect any differences between SCs and non-SCs
in the frequencies of interferon y-positive (IFNy*) or tumor
necrosis factor a-positive (TNF-a.*), CD4*, or CD8" T cells
(Figures S2 and S3).

Dynamics of the CD14"CD16* monocyte population is
associated with seroconversion

We next examined the concordance of the innate immune cell
populations and seroconversion. Here, we found differences in
the peripheral monocyte and myeloid dendritic cell (mDC) sub-
populations between the SC and non-SC groups. Three mono-
cyte subpopulations have been described based on the relative
expression of CD14 and CD16 surface markers (Figure 3A). The
differentiation of “classical” monocytes (CD14"CD167) to either
“inflammatory” (CD14"CD16") or “patrolling” (CD14'°CD16%)
monocytes can indicate the extent of inflammation.*° During
the acute phase, there was greater conversion of the classical
CD16~ monocytes to CD16" monocytes in the SC group than
the non-SC group (p < 0.05; Figure 3B). By convalescence, how-
ever, the CD14"CD16" subpopulation appeared smaller in the
SC compared to the non-SC (Figure 3C). In a side-by-side com-
parison, SCs showed greater depletion of CD14"CD16" (Fig-
ure 3D), but not CD14'°CD16* monocytes (Figure 3E), between
the two time points compared to non-SCs. The number of
mDCs (HLA-DR*CD14-CD11c*), which are important antigen-
presenting cells, were on average lower in SCs than in non-
SCs in the acute samples, although this difference did not
meet the threshold of statistical significance (p = 0.1; Figures
3F and 3G).
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Figure 2. Peripheral CD4" T cell profile in the
SCs (red, n = 7) and non-SCs (blue, n = 9) dur-
ing the acute and convalescence phases

(A and B) Frequency (A) and (B) number of total
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_L and activated (HLA-DR*CD38%) CD4* T cells, during
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CD14"CD16"* monocytes were also important in the
mucosal antibody response

Having determined the correlations between CD16™ monocytes
and serum antibody responses, we next asked whether similar
patterns were seen in the mucosal compartment. To address
this, we measured the influenza-specific IgA and IgG titers in the
nasal washes of influenza-confirmed individuals from a cohort in
which we had previously characterized their monocyte subpopu-
lations.®" As there is no equivalent seroconversion standard for
mucosal antibody titers, we identified 10 individuals
with influenza-specific IgA titer >40 in their nasal wash samples
within 2 weeks of symptom onset as SCs (GMT, 95% ClI: 186.6,
98.4-354.1) (Figure 4A) and another 9 individuals, with no
detectable IgA titers during the course of study, as non-SCs (Table
S2). To ensure the validity of our classification of SCs and non-
SCs, we also evaluated the influenza-specific IgG responses.
Nine of the 10 SCs had influenza-specific IgG titers >40 (GMT,
95% Cl: 28.9, 2.8-292), while none of the non-SCs had detectable
titers at any of the time points tested (Figure 4B). While classical
monocytes were predominant in the peripheral blood, it was
CD14"CD16" monocytes that were mostly recovered in the nasal
washes (Figure 4C). Within 1 week of enroliment, greater numbers

4 Cell Reports Medicine 2, 100237, April 20, 2021

convalescence phase, respectively. Cells were
stimulated overnight with either media (un-
stimulated), pooled influenza peptides corre-
sponding to the matrix (M1), nucleoprotein (NP), and
PB1 protein, or the non-specific mitogen, phyto-
hemagglutinin (PHA).

*p < 0.05 and *p < 0.01, **p < 0.001, by 1-way
° analysis of variance, with Bonferroni corrections
applied for multiple comparisons. Lines and error
bars indicate the median and interquartile range.

Convalescence

of CD14"CD16~ and fewer numbers of
CD14"CD16" monocytes were found in
SCs compared to the non-SCs (Figure 4C).
Thus, the early dynamics of the monocyte
subpopulations in the nasal mucosa were
also important in regulating downstream
mucosal antibody response.

DISCUSSION

Seroconversion in influenza is typically
defined by measuring the strain-specific
HAI antibody response and is generally
thought to follow infection. Somewhat un-
expectedly, we found that only 32% of in-
dividuals who were PCR confirmed to be
infected with influenza virus met this standard definition of sero-
conversion in SHIVERS. While technical reasons (e.g., late sam-
pling of sera, mismatched antigen) may have accounted for
some of this seroconversion failure, we were able to identify
cellular signatures associated with the ability, or lack thereof,
to seroconvert in a proportion of infected individuals. When we
more closely examined those SCs who had low HAI antibody ti-
ters in their acute samples, the magnitude of their increase in HA-
specific IgG and NAl antibody titers were only modest compared
to HAI antibody responses, suggesting that the distinct cellular
immune profile that we observed here is important for the induc-
tion of conformationally specific HAI antibodies and not neces-
sarily the magnitude of antibody response overall. On average,
the CD8" T cell responses were not significantly different be-
tween SCs and non-SCs, suggesting that the CD4* and CD8"
T cell responses are regulated independently, which is consis-
tent with findings previously observed in mouse studies.®?

The distinct roles of the monocyte subpopulations were of
particular interest. The CD14°CD16™ population, which has
been reported to have potent antiviral function,®® was reported
to be associated with increased disease severity after influenza,
Ebola, and Zika virus infection.>**® However, much less is known



Cell Reports Medicine @ CelPress

OPEN ACCESS

A B . C

total CD16*

100

80

60:

40

20

Monocyte subset (%)

Monocyte subset (%)

cD16"
I ~—/
cp16*

cp1a"cp16* cD14°cD16*

CD14MCD16"

CD14* CD16* CD14+

o
m
m
(9]

*x

20

mDC (%)

CD14MCD16* (%)
3

m -
CD14°°CD16* (%)
s 8

mDC absolute cell count

T |

- I
& S° & S & Acute Convalescence Acute Convalescence
k2 >

o

Figure 3. Profile of the monocyte subpopulations and myeloid dendritic cells (mDCs) in the peripheral blood of the SCs (red, n = 7) and non-
SCs (blue, n = 9) during the acute and convalescence phases

(A) Gating strategy to identify the monocyte subpopulations based on the relative expression levels of the markers CD14 and CD16: “classical” monocytes are
CD14"/CD16~ (red), “inflammatory” monocytes are CD14"/CD16" (blue), and “patrolling” monocytes are CD14'°/CD16* (orange).

(B and C) Percentages of each monocyte subpopulations (per total monocytes) during (B) acute phase and (C) convalescence phase in the SC and non-SC groups.
(D and E) Percentage of (D) CD14"/CD16* and (E) CD14'°/CD16" cells in the acute and convalescence time points samples.

(F and G) Number (F) and (G) percentage of CD14-CD11" mDCs in the SCs and non-SCs during the acute and convalescence phases.

*p<0.05and **p < 0.01, by 1-way analysis of variance, with Bonferroni corrections applied for multiple comparisons. Lines and error bars indicate the median and
interquartile range.

about the function of the CD14"CD16* monocytes. The finding  found no significant differences in the acute-phase antibody ti-
that mDCs and CD14"CD16" monocytes were associated with  ters between mild (outpatient) and severe (hospitalized) patients.
antibody responsiveness have been reported for bloodborne viral  Thus, it appears that, paradoxically, a strong proinflammatory
infections such as dengue and Zika,***"~* which suggests that response that is associated with symptomatic infections®'-
these are broadly responsive markers for viral infections. could also help induce a good antibody response, while a
CD14MCD16" monocytes appear to be primed for efficient antigen ~ weak signal may not provide adequate stimulation.*® This is a
presentation. In macaques that were vaccinated intramuscularly  particularly important consideration for the ongoing coronavirus
with mRNA encapsulated within lipid nanoparticles, CD14"CD16*  disease 2019 (COVID-19) pandemic, in which a proportion of
monocytes were found to be the most efficient in engulfing and  mild or asymptomatic COVID-19 cases fail to mount detectable
translating the foreign mRNA, particularly at the draining lymph  antibody responses despite evidence of active infection, while
nodes.“? Similarly, in dengue virus-infected non-human primates, ~ severely ill patients had comparably stronger antibody re-
CD14MCD16™ monocytes trafficked to draining lymph nodes to  sponses.®®* Incidentally, the lack of association between age
promote the differentiation of resting B cells into plasmablasts.>*  and seroconversion indicates that disease severity may be a
The depletion of the CD14"CD16* monocytes in blood and within stronger factor driving post-infection antibody response than
the airways of SCs observed in our study potentially reflect the age, suggesting a strong proinflammatory response may
active migration of these cells to the lymph nodes. compensate for the decline in immune function in the elderly.
The higher incidence of seroconversion in hospitalized individ-  However, it should be noted that the association between anti-
uals supports a correlation between the severity of infectionand  body response and severity of infection should not be broadly in-
antibody responsiveness in the periphery and nasal mucosa.>*'  terpreted, as it had also been shown that fatal H7N9 and COVID-
Although our data cannot preclude the possibility of antibody- 19 patients failed to mount robust antibody responses in some
dependent enhancement (ADE) of influenza disease, we think it  cases.*’**
is unlikely within the context of our study design (antibody in- In summary, our data provide immunological evidence that
creases were detected post-hospitalization) and other available respiratory viral infections do not always lead to successful sero-
evidence. ADE of influenza disease has mostly been described conversions. These data have implications for our understanding
during the 2009 H1N1 pandemic***® and within critically ill or  of post-infection immunity and on studies that rely on such met-
fatal cases.”**® In our cohort, although they were hospitalized, rics. Identification of key cellular elements associated with
most of the patients were on the “milder” end of the severity robust antibody response will also help in our understanding of
spectrum.®® Furthermore, in the present and previous SHIVERS  vaccine failure and contribute to the development of more effica-
studies on the immunological correlates of disease severity, we  cious vaccines.
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Figure 4. Immune responses in the nasal
airways of participants in the FLUO9 cohort
(A and B) Influenza-specific (A) IgA and (B) IgG ti-
ters in the nasal washes collected on days 0, 7, 9,
and 28 post-enrollment of SCs (red, n = 10) and

non-SCs (blue, n = 9). SCs were defined as in-
dividuals with IgA titers >40 at any time points
during the study, whereas non-SCs were in-
dividuals who did not.
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Limitations of study

Our study has several limitations. First, the subcohorts used for
cellular immune profile analyses were small, largely because we
restricted analyses to individuals from whom first samples were
collected within 14 days of symptom onset. Obtaining samples
early in the disease course is often a challenge in clinical studies
of respiratory infections, particularly those that target patients
with milder symptoms such as ours. Second, we were not able
to provide any indication on the functionality or subset of the
reactive CD4* T cells. Third, although the internal viral proteins
were reportedly the predominant targets of T cell responses,*°
we did not explore CD4* T cell reactivity to the surface proteins
HA and NA. Such studies in the future could be useful to further
identify which subset of these CD4™ T cells are primarily respon-
sible for driving the antibody response. Finally, it is unknown
whether the present failure to mount an antibody response
would have any impact on the memory B cell responses and their
capacity to mount a recall response. Addressing these issues will
greatly advance our understanding of the cellular correlates for
antibody responsiveness.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O SHIVERS cohort
O FLUQ9 cohort
O Ethics approval and study design considerations
e METHOD DETAILS
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Days since enroliment

(C) Percentages of each monocyte subpopulation
(per total monocytes) in the nasal airways of SCs
and non-SCs collected within 1 week of enroll-
ment. The monocyte populations are identified
based on the relative expression levels of markers
CD14 and CD16 as CD14"/CD16~ (classical),
CD14"/CD16™ (inflammatory), and CD14'°/CD16*
(patrolling) monocytes.

*p < 0.05, by 1-way analysis of variance, with
Bonferroni corrections applied for multiple com-
parisons. Samples were run in duplicate wells in
the ELISA assays. Lines and error bars indicate the
median and interquartile range.
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Becton Dickinson
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Becton Dickinson
Becton Dickinson
Becton Dickinson
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Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
Becton Dickinson
Biolegend
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eBioscience
Biolegend
Biolegend
Becton Dickinson
MabTech

Jackson Immunoresearch
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Cat# 3310-3; RRID: AB_2890180
Cat# 109-055-003; RRID: AB_2337599

Bacterial and virus strains

Beta-propiolactone-inactivated virus A/ World Health Organization (WHO) N/A
California/7/09 (H1N1) Collaborating Center (Melbourne)
Beta-propiolactone-inactivated virus A/ World Health Organization (WHO) N/A
Victoria/361/2011 Collaborating Center (Melbourne)
Beta-propiolactone-inactivated virus A/ World Health Organization (WHO) N/A
Switzerland/9715293/2013 Collaborating Center (Melbourne)
Beta-propiolactone-inactivated virus B/ World Health Organization (WHO) N/A
Brisbane/60/2008 Collaborating Center (Melbourne)
Beta-propiolactone-inactivated virus B/ World Health Organization (WHO) N/A
Massachusetts/02/2012 Collaborating Center (Melbourne)
Beta-propiolactone-inactivated virus B/ World Health Organization (WHO) N/A
Phuket/3073/2013 Collaborating Center (Melbourne)

Reverse-genetics (6+2) HGN1_[A/ St. Jude’s Children’s Research Hospital N/A
California/7/09(H1N1)] (SJCRH)

Reverse-genetics (6+2) HBN2_[A/Victoria/ St. Jude’s Children’s Research Hospital N/A
361/2011(H3N2)] (SJCRH)

Reverse-genetics (6+2) HBN2_[A/ St. Jude’s Children’s Research Hospital N/A
Switzerland/9715293/2013(H3N2)] (SJCRH)

Biological samples

Sera and peripheral blood mononuclear Auckland, New Zealand N/A

cells isolated from participants enrolled in
SHIVERS
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Nasal wash supernatant and peripheral Memphis, Tennessee N/A

blood mononuclear cells isolated from
participants enrolled in FLUO9

Chemicals, peptides, and recombinant proteins

Purified Influenza H1 from A/California/04/
09

Purified Influenza H3 from A/Perth/16/2009

Purified Concentrated A/CA/04/2009
(H1N1)

Purified Concentrated A/Victoria/361/2011

Purified Concentrated A/Switzerland/
9715293/2013 (H3N2)

Purified Concentrated B/Massachusetts/2/
2012

Purified Concentrated B/Phuket/3073/2013

Peptides for Expected Conserved MHC
Class | Epitopes of Influenza Virus A
Proteins

Fetuin

Lectin from Arachis hypogaea (peanut)-
Peroxidase

10 x Coating Buffer

3,3,5,5-Tetramethylbenzidine (TMB) Liquid
Substrate System

p -Nitrophenyl Phosphate (PNPP) Microwell
Substrate System

Benzonase
Bovine Serum Albumin
Stop Solution (1N Sulfuric Acid)

BEI Resources

BEI Resources

St. Jude’s Children’s Research Hospital
(SJCRH)

St. Jude’s Children’s Research Hospital
(SJCRH)

St. Jude’s Children’s Research Hospital
(SJCRH)

St. Jude’s Children’s Research Hospital
(SJCRH)

St. Jude’s Children’s Research Hospital
(SJCRH)

BEI Resources

Sigma

Sigma

KPL
Sigma

KPL

Sigma
Sigma

Fisher Scientific

Cat# NR13691

Cat# NR42974
N/A

N/A

N/A

N/A

N/A

Cat# NR-2667

Cat# F3385

Cat# L7759-1MG

Cat# 50-84-01
Cat# T0440-1L

Cat# 50-80-00

Cat# B7651
Cat# A8327
Cat# SA212-1

Phytohemagglutinin, PHA-P Sigma Cat# L1668-5MG
Brefeldin A Solution (1,000X) Biolegend Cat# 420601
Deposited data
Raw and analyzed data This paper Mendeley Data:
https://doi.org/10.17632/rwxp2nfvys.1

Experimental models: Cell lines
Human embryo kidney (HEK) 293T cells ATCC CRL-3216
Embryonated chicken eggs St. Jude’s Children’s Research Hospital N/A

(SJCRH)
Recombinant DNA
Plasmid expressing HA from A/Teal/Hong St. Jude’s Children’s Research Hospital N/A
Kong/W312/1997(H6N1) (SJCRH)
Plasmid expressing NA from A/Victoria/ St. Jude’s Children’s Research Hospital N/A
361/2011(H3N2) (SJCRH)
Plasmid expressing NA from A/Switzerland/ St. Jude’s Children’s Research Hospital N/A
9715293/2013(H3N2) (SJCRH)
Plasmid expressing PB2 from A/Puerto St. Jude’s Children’s Research Hospital N/A
Rico/8/1934 (H1N1) (SJCRH)
Plasmid expressing PB1 from A/Puerto St. Jude’s Children’s Research Hospital N/A

Rico/8/1934 (H1N1)

(SJCRH)
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Plasmid expressing PA from A/Puerto Rico/ St. Jude’s Children’s Research Hospital N/A

8/1934 (H1N1) (SJCRH)

Plasmid expressing NP from A/Puerto Rico/ St. Jude’s Children’s Research Hospital N/A

8/1934 (H1N1) (SJCRH)

Plasmid expressing M from A/Puerto Rico/ St. Jude’s Children’s Research Hospital N/A

8/1934 (H1N1) (SJCRH)

Plasmid expressing NS from A/Puerto Rico/ St. Jude’s Children’s Research Hospital N/A

8/1934 (H1N1) (SJCRH)

Software and algorithms

FlowdJo version 10 FlowJo, LLC https://www.flowjo.com/solutions/flowjo

Prism (version 8) Graphpad Software https://www.graphpad.com:443/
scientific-software/prism/

Research Electronic Data Capture The REDCap Consortium https://www.project-redcap.org/

(REDCap)

Other

96-well High-binding ELISA plates Corning Cat# 3590

Dulbecco’s 1X PBS with 0.9 mM CaCl, and Life Technologies Cat# 14040-182

0.5 mM MgCl,

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Richard J.
Webby (Richard.webby@stjude.org)

Materials availability
This study did not generate new unique reagents.

Data and code availability
Original data have been deposited to Mendeley Data: [https://doi.org/10.17632/rwxp2nfvys.1].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

SHIVERS cohort

For the Southern Hemisphere Influenza and Vaccine Effectiveness, Research and Surveillance (SHIVERS) cohort, participants (N =
66) were enrolled according to the World Health Organization (WHO)'s case definition for influenza-like-iliness (ILI) or severe acute
respiratory illness (SARI) from general practices or hospitals in Auckland between August and October of 2013, which coincided
with the peak influenza season in New Zealand.?® To detect influenza and other respiratory viruses, the US Centre for Disease Con-
trol’s real-time reverse transcriptase (rRT) PCR protocols were used."° Participants whose samples tested positive by PCR for influ-
enza were then contacted by the study nurse for the first sampling of whole blood and sera (considered to be an acute sample in the
current study). A second blood sample was collected two weeks later (considered to be a convalescent sample in this study). Sam-
ples were processed at a central laboratory to isolate the peripheral blood mononuclear cells (PBMCs) using Ficoll-Paque (GE Life-
sciences). Cells were stored in liquid nitrogen while sera were stored at —80°C until use. Study data were collected and managed
using Research Electronic Data Capture (REDCap) tools hosted at the Institute of Environmental Science and Research.”’

For the cellular immunology subcohort, we selected individuals with paired blood samples that had an acute sample collected
within 14 days of symptom onset and an hemagglutination-inhibition (HAI) titer < 40 (N = 16). Seroconverters (SC) were selected
based if they had at least a 4-fold increase in HAl-antibody titer to the infecting subtype in the convalescent sera (N = 7) while
non-seroconverters (SC) had no such increase (N = 7).

FLUO9 cohort

To validate the findings in the nasal mucosa, we examined the nasal wash supernatant and cells collected from influenza virus in-
fected participants recruited through the FLUO9 study. FLUO9 was a longitudinal cohort study based in Memphis, TN.®" Individuals
in this study were recruited if they had onset of symptoms within the last 96 hours and were confirmed to be influenza positive during
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the 2009/2010 and 2010/2011 influenza seasons. Influenza diagnosis was based US Centre for Disease Control’s real-time reverse
transcriptase (rRT) PCR protocol.’® Nasal washes were collected to approximate these intervals: day 0, 3, 7, 10 and 28 after enrol-
ment. Based on the mucosal IgA response, we defined individuals with robust antibody productions (converters) as those with an
influenza-IgA titer of > 40 detected at any of the study days whereas non-converters are those with IgA titer < 40. From a cohort
of N = 58 influenza confirmed cases and for which we have associated flow cytometry data, we identified N = 10 converters and
N = 9 non-converters. These monocyte populations were characterized in nasal wash samples collected within a week after enrol-
ment. In individuals where multiple samples were available, the earliest available time-points were used.

Ethics approval and study design considerations

The SHIVERS received ethics approval from the New Zealand Northern (A) Health & Disability Ethics Committee under references
NTX/11/11/102/AM02, AM05, AM06, AM13, and AM14. The FLUO09 study received ethics approval from the Institutional Review
Boards of St. Jude Children’s Research Hospital and the University of Tennessee Health Science Center / Le Bonheur Children’s
Hospital. Written, informed consent was obtained from all participants or if under the consenting age, consent was obtained from
parents or legal guardians. Both studies were performed in accordance with the Declaration of Helsinki. Sample sizes were deter-
mined based on the availability of samples. Age and gender of subjects included in the study are available at Mendeley Data
[https://doi.org/10.17632/rwxp2nfvys.1]. No randomization was performed and sample size were determined based on availability
of samples. All laboratory experiments were conducted in a blinded manner. Serostatus of individuals were identified only during
the analysis step.

METHOD DETAILS

Serology

Serologic testing by hemagglutination-inhibition assay (HAI) and neuraminidase-inhibition assay (NAI) for the SHIVERS cohort was
performed at the National Influenza Center at the Institute of Environmental Science and Research (ESR) as previously
described.”® Sera pre-treated with receptor-destroying enzyme (RDE) to remove non-specific inhibitors of agglutinations, were
tested against the infecting subtypes using the 2013 Southern Hemisphere vaccine strains [(A/Victoria/361/2011 (H3N2), or the
two B-lineages; B/Brisbane/60/2008 (Victoria-lineage) or B/Phuket/3073/2013 (Yamagata-lineage)]. For influenza B, the antigen
that induced a greater fold change was selected for analysis. Reference antigens which were propagated in embryonated chicken
eggs were provided by World Health Organization Collaborating Centres (WHOCC)-Atlanta and WHOCC-Melbourne. These anti-
gens were standardized by the haemagglutination (HA) assay to 4 HA units per 25 pL using 1.0% guinea pig erythrocytes. Serum
samples were titrated in a serial two-fold dilutions with a starting dilution of 1:10 and ending at 1:640. Paired sera were tested
together in the same run. HAl-antibody titer was measured as the reciprocal of the highest dilution causing complete haemagglu-
tination inhibition of erythrocytes by the influenza virus. For those sera with HAI titer of > 1:640, further serial two-fold dilution were
performed in order to detect the highest dilution titer that fully prevented haemagglutination. Results were accepted if sera and
guinea-pig erythrocyte cell controls provided the correct non-agglutinated pattern and the positive controls were within two-
fold of the mean titer.

The enzyme-linked lectin assay (ELLA) was used to test for NAl-specific antibodies using recombinant reverse-genetic viruses ex-
pressing the NA of the target strains with a mismatched HA as previously described.>? Briefly, plasmids comprising of HA from an H6
avian virus A/Teal/Hong Kong/W312/1997(H6N1), target NA, and the six internal genes from the A/Puerto Rico/8/1934 (H1N1) strains
were co-transfected into 293T cells at 1 ug each using Lipofectamine 2000. After 48 hours, culture supernatants were harvested and
injected into embryonated chicken eggs to amplify the recovered viruses. After 48 hours, egg-allantoic fluid were harvested and
stored as virus stocks once the viral sequence was confirmed by Sanger sequencing. Virus stocks were inactivated using beta-pro-
piolactone (BPL) at 1:1000 w/v for 72 hours at 4°C prior to use in ELLA assay. To determine the working concentration, virus stocks
were titrated to determine the dilution that gave 90% of the maximum optical density readout in the ELLA assay done without the
addition of serum samples.

For the ELLA assay, 96-well microtiter plates were coated overnight with 25 pg/ml of fetuin, diluted in bicarbonate coating buffer
(KPL). Sera were tested in serial 2-fold dilutions from 1:10 to 1:5120. Serial dilutions of heat-inactivated sera were transferred to fe-
tuin-coated plates, reference antigens were added at the predetermined dilution, and then plates incubated for 16-18 hours at 37°C
in dry heat, followed by the addition of peroxidase-labeled peanut lectin for 2 hours at room temperature. Bound lectin was detected
with 3,3,5,5-Tetramethylbenzidine (TMB) Liquid Substrate System (Sigma-Aldrich). Paired sera were tested together in the same run.
The NAl-titer was measured as the reciprocal of the highest dilution that resulted in more than 50% signal inhibition compared to
virus-only wells. Sera with a NAI titer of > 1:5120 were assigned a titer of 1:10240.

All sera samples were tested in single wells in at least two separate experiments. Samples that show greater than two-fold inter-
assay variation were retested. Individual assay titers that were within two-fold of each other were averaged to obtain the final titers
used for analysis. Samples with a HAl or NAl titer of < 1:10 were assigned a titer of 1:5 for the purposes of computing seroconversion.
A fourfold or greater rise in HAI antibody titers in paired sera, with the second titer at least 1:40 was considered as HAI or NAI
seroconversion.
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Enzyme-linked immunosorbent assay

Sera from the SHIVERS subcohort were tested for influenza-specific IgG using purified, concentrated virus stocks while nasal wash
samples in the FLUQO9 study were tested for the presence of influenza HA-specific IgA or IgG using purified protein. All antigens are
representative of the infecting subtypes in circulation when samples were collected. For SHIVERS samples, plates were coated over-
night at 4°C with purified, concentrated virus stocks of A/California/04/2009 (H1N1) or A/Victoria/361/2011 (H3N2), while plates for
FLUO9 samples were coated with either purified H1 from A/California/04/09 (NR13691, BEI Resources) or H3 from A/Perth/16/2009
(NR42974, BEI Resources) at 1 ug/ml. Negative wells were coated with buffer only. Plates were washed six times with phosphate-
buffered saline (PBS) supplemented with 0.05% Tween-20 (PBS-T) and blocked for 2 hours in PBS supplemented with 5% fetal
bovine serum (FBS). Serially diluted sera (at a starting dilution of 1:100) or nasal wash supernatants (at a starting dilution of 1:10)
were added to the plate in duplicates. Serum samples were incubated for 2 hours while nasal wash samples were incubated over-
night at 4°C. After incubation, plates were washed as before and incubated with alkaline-phosphatase conjugated anti-human IgA
(MabTech) or IgG (Jackson) for 2 or 1 hour, respectively. After a final wash step, plates were developed with the p-nitrophenyl phos-
phate (pNPP) substrate system (KPL). Absorbance was read at 450 nm and the last dilution that gave a positive/negative optical den-
sity readout ratio of > 2 was determined as the end-point titer.

Flow cytometry

Cryopreserved cells were thawed gently in warm, complete RPMI (supplemented with 10% FBS, 10 U/ml Penicillin/Streptomycin and
2 mM glutamine) media in the presence of 25 U/ml Benzonase. Cells were centrifuged at 450 x g for 5 minutes at room temperature
and cell pellet were resuspended to the concentration of 1 x 107 cells/ml in pre-warmed, benzonase-free media. For each sample,
100 pl of cells (1 x 108 cells) were aliquoted into one well for the proliferation and monocytes and myeloid dendritic cell (MDC) panel
and into five-wells for the intracellular cytokine staining (ICS) panel, in 96-well plates. Three staining panels were used: a T cell pro-
liferation panel consisting of antibodies for CD3, CD8, CD38, DR, Ki67 and Bcl2, a monocyte/mDC panel consisting of antibodies for
CD16, CD11b, CD192, CD14, CD11c and HLA-DR and an ICS panel consisting of antibodies for IFN-y, TNF-o, CD8, CD3 and CD4.

For staining of the monocyte/mDC surface markers, cells were pelleted at 450 x g for 8 mins and resuspended in 25 pl of staining
cocktail containing the pre-determined concentration of antibodies. Cells were incubated for 30 minutes on ice. Cells were washed in
FACS buffer (PBS with 2% FBS and 0.1% sodium azide) and fixed in 1% formaldehyde diluted in PBS for 10 min on ice, in the dark.
Cells were pelleted, supernatant discarded and subsequently washed twice in FACS buffer prior to acquisition.

ICS staining was performed on in vitro stimulated cells using pooled peptides derived from the influenza virus Matrix-1 (M1),
nucleoprotein (NP), and polymerase basic 1 (PB1) proteins (NR-2667, BEI Resources). Pooled peptides were added at a working con-
centration of 1 pg/ml per peptide into the protein specific pools. Phytohemagglutinin (PHA) at 1 ng/ml or media alone were used as
controls. Cells were stimulated for 2 hours at 37°C in 5% CO.. After 2 hours, 5 pg/ml of Brefeldin A were added to the wells and incu-
bated for another 4 hours. Cells were then pelleted and the supernatant discarded. Cells were washed and resuspended in surface
antibody markers in 25 pl volume and incubated for 30 minutes on ice. Cells were washed and fixed as described above prior to per-
meabilization. To permeabilize the cells for intracellular staining, pelleted cells were resuspended in 100 pl of 0.5% Saponin in FACS
buffer and incubated for 15 min on ice in the dark. After incubation, cells were washed once and resuspended in 25 pl of intracellular
staining cocktail containing IFN-y and TNF-« or Ki67 and Bcl2 and incubated for 30 minutes on ice. Cells were washed twice prior to
acquisition. All staining was performed in the dark. Single-color controls, unstimulated cells and unstained cells were included for
compensation and control.

Samples were acquired on a LSRII flow cytometer (Becton Dickinson) and analyzed using FlowJo v10 (FlowJo, LLC). For some
analyses, not all samples were analyzed due to sample availability (e.g poor PBMC viability). Data were expressed as absolute
cell numbers, derived by back-calculation of the percentage of recovered live cells or as percentages of parent population. FlowJo
data were exported as CSV files to Graphpad Prism for statistical analyses. Medians were used to describe the average responses
and interquartile range were used to describe the measures of variability. No technical replicates were performed due to the lack of
samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

All categorical data were analyzed by Fischer’s or Chi-square Test. Antibody data and data that failed to meet assumptions of
normality were log-transformed and tested using unpaired Student’s t test. Differences between paired samples were analyzed
by paired t test. Flow cytometric data were analyzed by one-way analysis of variance with Bonferroni corrections applied for multiple
comparisons, where applicable. All analyses were done using GraphPad Prism (v8). P value of < 0.05 is considered statistically sig-
nificant, unless otherwise indicated.
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