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Conventional views of pathogen dynamics have rarely devi-
ated from the consideration of single pathogens acting inde-
pendently of one another. However, pathogen interactions 

are increasingly recognized as critical contributors to both health 
and disease progression1–4. Such interactions are prevalent at sites 
harbouring complex populations of commensal and pathogenic 
microbes, including the gut and respiratory tract. The synergy 
between the respiratory pathogens IAV and S. pneumoniae is well 
documented in this setting5,6, and leads to exacerbated disease and 
high mortality5,7,8.

Despite the availability of vaccines for both IAV and S. pneu-
moniae, co-infection is a recurring health issue. Studies have 
attempted simultaneous administration of existing IAV and pneu-
mococcal vaccines to improve coverage, and while successful at 
reducing disease incidence (particularly in elderly populations9,10), 
this strategy does not offer broad-spectrum protection. Irrespective 
of co-administration, current vaccines induce vaccine-specific 
immunity alone and offer minimal protection against emerging iso-
lates due to lack of cross-reactivity. Consequently, inactivated IAV 
vaccines require annual reformulation to ensure coverage of seasonal 
strains. The time required to generate these strain-specific vaccines 
is approximately six months11, which is too long in the event of a 
sudden pandemic to protect against the first wave of infection. The 
increasing probability of an avian influenza pandemic paired with 
the increasing prevalence of non-vaccine pneumococcal serotypes 
underscores the urgent need for new broad-spectrum vaccines.

We have previously published an approach to meet this need 
using gamma (γ)-irradiated vaccines comprising whole-inacti-
vated IAV (γ-Flu) and whole-inactivated pneumococci (γ-PN). 

Intranasal vaccination with γ-Flu (based on H1N1 or H3N2) con-
fers significant protection against homotypic and heterosubtypic 
IAV challenges, including avian H5N112,13. We have also shown that 
γ-Flu can be exposed to high doses of γ-irradiation (50 kGy) while 
retaining high-level immunogenicity14, enabling γ-Flu to include 
pandemic influenza strains. Furthermore, we have reported that 
mucosal co-administration of γ-Flu and γ-PN provides significant 
protection against lethal co-infection, and results in superior induc-
tion of pneumococcal-specific responses15. In the current study, 
we show that γ-Flu-induced responses are similarly enhanced by 
co-administration, and demonstrate a direct interaction between 
both live and inactivated IAV and S. pneumoniae vaccine compo-
nents, which appears to facilitate increased viral uptake by antigen- 
presenting cells.

Results
Co-administration of γ-irradiated S. pneumoniae with γ-Flu 
enhances IAV-specific protection. Our previous work has demon-
strated that co-administering γ-Flu with a previous version of our 
irradiated pneumococcal vaccine (γ-PN) does not adversely affect 
homotypic protection15. We have recently generated a derivative of 
γ-PN with enhanced safety and immunogenicity by introducing 
an attenuating deletion in the psaA gene (termed γ-PN(ΔPsaA)) 
(S.C.D., Z.L., V. Minhas, A. Chen, J.D., T.R.H., S.R.M., M.A. and 
J.C.P., manuscript under review). Here, we show that co-admin-
istering γ-Flu with γ-PN(ΔPsaA) confers complete protection 
against homotypic H1N1 (Fig.  1a), whereas PBS-mock-treated 
and γ-PN(ΔPsaA)-vaccinated controls were euthanized due to 
excess weight loss. We then investigated whether co-vaccination 
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would affect γ-Flu-mediated cross-protection against lethal chal-
lenge with drifted pandemic H1N1 (pdmH1N1) or heterosubtypic 
H3N2 IAV. Figure 1b shows that all mice vaccinated with γ-Flu or 
γ-Flu + γ-PN(ΔPsaA) survived lethal challenge with pdmH1N1, 
with limited weight loss before recovery. This weight loss was 
expected considering the role of CD8+ T  cells in γ-Flu-mediated 
protection, and the high, lethal dose used to challenge animals. 
Interestingly, co-vaccinated mice showed a faster rate of recovery, 
with significantly reduced weight loss from day 6 onwards com-
pared to mice vaccinated with γ-Flu alone. To further assess dif-
ferences in vaccine performance, we challenged animals with an 
intentionally high dose of heterosubtypic H3N2. Animals vacci-
nated with γ-Flu alone showed only 60% protection, in contrast to 
the 100% protection conferred by co-administration of γ-Flu with 
γ-PN(ΔPsaA) (Fig.  1c). This cross-protection was also associated 

with significantly reduced weight loss and early recovery when 
compared to mice receiving γ-Flu alone.

Co-vaccination does not affect neutralizing antibody responses. 
To address potential mechanisms underlying the enhanced cross-
protection observed for co-vaccinated animals, both humoral and 
cell-mediated immune responses were investigated. Initially, the 
functionality of vaccine-induced antibodies was assessed using 
in vitro neutralization assays. Serum samples from γ-Flu-vaccinated 
and co-vaccinated mice were incubated with a fixed titre of live 
H1N1 (homotypic), before infection of Madin–Darby Canine 
Kidney (MDCK) monolayers. Complete inhibition of infection was 
observed following treatment with low serum dilutions for both vac-
cine groups, while infectivity was detected for samples treated with 
more diluted sera (≥1:160) (Fig.  2a). Fluorescein isothiocyanate  
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Fig. 1 | Enhanced protection against drifted and heterosubtypic IAV challenge following co-vaccination with γ-Flu + γ-PN(ΔPsaA). Mice were 
vaccinated i.n. with γ-Flu alone or co-vaccinated with γ-Flu + γ-PN(ΔPsaA). Control mice were PBS-mock-vaccinated. a–c, At 21 days post-vaccination, 
mice were challenged i.n. with homotypic H1N1 (A/Puerto Rico/8/34) (a), drifted pdmH1N1 (A/California/07/2009) (b) or heterosubtypic H3N2 (A/
PortChalmers/1/73) (c). Mice were monitored for three weeks for development of clinical symptoms, and euthanized if the total weight loss reached 20% 
of the starting weight (dashed line). The data are presented as survival percentages (left panels) and weight loss (mean ± s.e.m., n = 10 mice per group) 
(right panels). The data are compiled from two independent experiments, and were analysed by Fisher’s exact test (two-tailed) compared to the PBS-mock 
control group (left panels) or two-way ANOVA with Tukey’s multiple comparisons test (*P < 0.05, ***P < 0.001, ****P < 0.0001 compared to the γ-Flu 
alone group) (right panels).
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(FITC) fluorescence (indicating IAV infection) was quantified at this 
dilution, and a significant reduction was detected following treat-
ment with sera from each vaccine group when compared to sera 
from PBS-mock controls (Fig. 2b). Importantly, comparable neutral-
ization was detected for both vaccine groups. We also tested whether 
γ-Flu + γ-PN(ΔPsaA) co-administration facilitated the induction 
of cross-neutralizing antibodies. Serum was incubated with a fixed 
titre of live pdmH1N1 (drifted) before infection of monolayers. 
Interestingly, the data show that neither immune sera nor control 
sera had any neutralizing activity against pdmH1N1 (Supplementary 
Fig.  1), indicating that the reduction in clinical symptoms in  
co-vaccinated mice after pdmH1N1 challenge was probably due  
to augmented T-cell immunity, rather than antibody responses.

Co-vaccination has minimal impact on circulating T-cell 
responses. To investigate alterations in IAV-specific cell-medi-
ated immunity, the OT-I system was utilized. OT-I cells were 
adop tively transferred to C57BL/6 mice, followed by vaccination  
with irradiated A/PR8-OVA (γ-Flu-OVA) alone or γ-Flu-OVA +  
γ-PN(ΔPsaA). Peripheral blood was collected on days 7, 14 and 21 

post-vaccination, as were the spleen and mediastinal lymph node 
(mLN) on day 21. Significantly enhanced frequencies of activated 
OT-I cells (CD8+CD45.1+CD44hi) were detected in all tissues for 
γ-Flu-OVA and co-vaccinated mice compared to PBS-mock controls 
(Fig.  3a–c), indicating robust induction of systemic IAV-specific 
responses after a single non-adjuvanted intranasal vaccination. 
OT-I responses in the mLN and peripheral blood were comparable 
between vaccine groups, although a slight decrease in the frequency 
of OT-I cells in the blood of co-vaccinated mice was detected on  
day 7. This did not reach statistical significance, and frequencies 
were comparable by day 14. Interestingly, co-administration of 
γ-Flu-OVA with γ-PN(ΔPsaA) did significantly reduce the popula-
tion of activated OT-I cells in the spleen (Fig. 3b).

Exposure to viral antigen typically induces three subsets of 
CD8+ T cells with distinct phenotypic, homeostatic and migratory 
properties, as characterized by Gerlach et al.16. Despite the reduced 
OT-I population in the spleen of co-vaccinated mice, the frequen-
cies of central memory (TCM), peripheral memory (TPM) and effec-
tor memory (TEM) among OT-I cells were comparable between 
vaccine groups (Fig.  3e). Similar profiles for these subsets were 
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Fig. 2 | In vitro neutralization of A/PR8 by vaccine-induced antibodies. Serum was collected on day 20 post-vaccination from mice receiving γ-Flu 
alone, γ-Flu + γ-PN(ΔPsaA) or a PBS-mock vaccine. Serum samples were pooled for each group and serially diluted, and then incubated with live A/
PR8. Virus + serum mixtures were added to MDCK cell monolayers at MOI 0.1 to assess neutralization. a, Representative images from two biologically 
independent experiments of infected cells; DAPI (blue) indicates cell nuclei, and FITC (green) indicates IAV. Control wells were incubated with virus alone 
(no serum), or allantoic fluid alone. Scale bars, 100 µm. b, Neutralization of IAV tested as above, using individual serum samples at 1:160 dilution. FITC 
fluorescence was quantified for each sample using NIS elements software, and normalized using corresponding quantified DAPI fluorescence. The data 
are presented as mean ± s.e.m. (n = 8 biologically independent serum samples per group), and were analysed by one-way ANOVA with Tukey’s multiple 
comparisons test. The data are representative of two biologically independent experiments.
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also observed in the mLN (Fig. 3d) and peripheral blood (Fig. 3f), 
although a small but significant decrease in TEM cell frequency was 
detected in the blood of co-vaccinated mice at day 14.

Co-vaccination enhances the IAV-specific CD8+ T-cell response 
in the lungs. As circulating T  cells in the blood and secondary 
lymphoid organs were not overly affected by co-vaccination, the 
elevated protection against IAV challenge was potentially due to 

lung-specific immunity. To address this, OT-I cells were transferred 
to C57BL/6 mice before vaccination, and lungs were collected for 
flow cytometry on day 21. In this tissue, a significant increase in 
activated OT-I cells was detected for co-vaccinated mice compared 
to those receiving γ-Flu-OVA alone (Fig.  4a). Lung suspensions 
were also stimulated ex vivo with the OVA peptide SIINFEKL to 
assess functionality. As shown in Fig.  4b, cells from γ-Flu-OVA-
vaccinated and co-vaccinated mice were equivalent in their ability 
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Fig. 3 | IAV-specific T-cell populations in peripheral blood and secondary lymphoid organs. OT-I cells were transferred intravenously to wild-type 
C57BL/6 mice. After 24 h, mice were vaccinated i.n. with γ-Flu-OVA or co-vaccinated with γ-Flu-OVA + γ-PN(ΔPsaA). a,b, mLN (a) and spleen (b) 
were collected on day 21 post-vaccination, and activated OT-I cells (CD44hiCD8+CD45.1+) were quantified by flow cytometry. The data are presented as 
frequency and total cell counts ± s.e.m. (n = 5 mice per group), and were analysed by one-way ANOVA with Tukey’s multiple comparisons test. c, Blood 
was collected by submandibular bleed on day 7, 14 and 21 post-vaccination, and activated OT-I cells were quantified by flow cytometry. The data are 
presented as mean frequency ± s.e.m. (n = 5 mice per group), and were analysed by two-way ANOVA with Tukey’s multiple comparisons test. d–f, Single-
cell suspensions from mLN (d), spleen (e) and blood (f) were analysed for proportions of circulating memory cell subsets TCM (CD27+ CX3CR1−), TPM 
(CD27+ CX3CR1+) and TEM (CD27− CX3CR1+). The data are presented as frequency ± s.e.m. (n = 5 mice per group), and were analysed by two-way ANOVA 
with Tukey’s multiple comparisons test (*P < 0.05, when comparing the same cell subset between vaccine groups). ND, not detected.
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to produce inflammatory cytokines following stimulation with cog-
nate antigen. The co-vaccinated group tended to have slightly lower 
frequencies of cytokine-positive cells, but no statistically significant 
differences were detected. Furthermore, the mean fluorescence 
intensity for each cytokine was comparable between vaccine groups 
(Fig.  4c). Thus, activated T  cells from γ-Flu-OVA-vaccinated and 
co-vaccinated mice appeared to be functionally equivalent, with co-
administration inducing a larger bulk population of IAV-specific 
cells at the site of pathogen re-encounter.

In addition to the memory CD8+ T-cell populations mentioned 
above, previous studies have identified a highly specialized subset of 
tissue-resident memory cells (TRM), which are retained for extended 
periods of time in non-lymphoid tissues including the skin, gut and 
lung17–19. Given the enhanced number of OT-I cells in the lungs of 
co-vaccinated mice, it was of interest to determine whether these 
cells also displayed a TRM phenotype. Both CD45.1+ OT-I cells and 
endogenous CD45.1− CD8+ T cells were classified on the basis of 
the expression of the established TRM markers CD69 and CD10320. 
Gating on these key markers is shown by representative plots in 
Fig.  4d. Remarkably, quantification of OT-I-derived TRM demon-
strated a significant enhancement in total cell number for co-vacci-
nated mice compared to mice receiving γ-Flu-OVA alone (Fig. 4e). 
The frequency of OT-I TRM was also elevated, suggesting that, on a 
single-cell basis, CD8+ T cells were more readily converted to TRM in 
the lung microenvironment of co-vaccinated animals.

Enhanced TRM populations were also observed for endogenous 
CD8+ and CD4+ T  cells. In both instances, TRM populations were 
significantly larger in co-vaccinated mice compared to PBS-mock 
controls (Fig. 4f). Importantly, there was an obvious trend for co-
vaccinated mice to have more TRM compared to mice receiving 
γ-Flu-OVA alone. As endogenous cells were analysed here, antigen 
specificity was not determined. Thus, administration of both viral 
and bacterial vaccines is likely to have induced multiple TRM popula-
tions, leading to a larger bulk number overall.

Analysis of the lung micro-environment immediately after vac-
cination with γ-Flu or γ-Flu + γ-PN(ΔPsaA) was also performed, 
to assess whether alterations to the cytokine milieu could con-
tribute to the observed TRM enhancement. Bronchoalveolar lavage 
(BAL) samples were obtained at days 2, 4 and 6 post-vaccination 
for cytokine multiplex analysis. Supplementary Fig. 2 shows a syn-
ergistic enhancement in the expression of the trafficking chemo-
kines CXCL10 and CCL2 in co-vaccinated mice compared to those 
receiving either vaccine alone. Significant increases in transform-
ing growth factor beta (TGF-β) and tumour-necrosis factor alpha 
(TNF-α; associated with TRM differentiation) were also detected in 
co-vaccinated animals.

Combining IAV with γ-PN(ΔPsaA) is associated with enhanced 
viral uptake. An alternative mechanism to explain the enhanced 
T-cell responses is increased antigen uptake in co-vaccinated mice, 
enhancing antigen presentation and stimulation of naive T  cells. 
Thus, the influence of γ-PN(ΔPsaA) on uptake of γ-Flu was inves-
tigated using THP-I macrophages. Macrophages were exposed to 
live or irradiated samples of γ-Flu, either alone or pre-incubated 
with γ-PN(ΔPsaA). IAV internalization by these phagocytic 
cells was then quantified by intracellular staining with a FITC-
conjugated anti-IAV nucleoprotein (NP) antibody and flow cytom-
etry. Representative histograms (Fig.  5a) show a positive shift in 
IAV-specific fluorescence when macrophages were incubated with 
IAV-containing samples (blue line), compared to incubation with 
media alone (grey) or γ-PN(ΔPsaA) alone. The total number of NP+ 
macrophages was also quantified for each antigen mixture. As illus-
trated in Fig. 5b, pre-incubation of both live and irradiated IAV with 
γ-PN(ΔPsaA) significantly increased the degree of viral internaliza-
tion. It is important to note that all excess antigens were removed 
after 3 h, and macrophages were processed and stained immediately 

for flow cytometry. Hence, minimal IAV replication would have 
occurred to skew fluorescence levels.

We then tested the effect of γ-PN(ΔPsaA) on live IAV infectivity.  
A fixed titre of H1N1 was mixed with increasing amounts of 
γ-PN(ΔPsaA), and mixtures were added to MDCK cell monolayers. 
Immunofluorescent imaging demonstrated that mixing IAV with 
a high concentration of γ-PN(ΔPsaA) (107 colony forming units 
(CFU) equivalent per well) was associated with more dispersed 
viral infection compared to incubation of monolayers with IAV 
alone (Fig. 5d,e). As γ-PN(ΔPsaA) was present only for the initial 
viral inoculation stage, the effect on IAV infectivity was likely to 
be exerted during attachment, rather than aiding release of prog-
eny virions. This suggested a potentially direct interaction between 
IAV and the whole-inactivated pneumococci. Furthermore, the 
increased IAV-internalization by macrophages required the two 
vaccine components be added to cells simultaneously. Sequential 
exposure to each vaccine antigen did not increase the total number 
of IAV-positive cells (Supplementary Fig.  3), further suggesting a 
role for a direct pathogen–pathogen interaction.

Inactivated IAV and pneumococcal vaccines directly associate 
in suspension. Flow cytometry was used to assess any interaction 
between the whole-inactivated vaccines. In this assay, γ-PN(ΔPsaA) 
was incubated alone or with increasing amounts of γ-Flu, and then 
centrifuged using speeds that would pellet pneumococci but not 
free virions. Thus, the presence of IAV in the pellets would indicate 
a direct IAV–pneumococcal interaction, allowing co-sedimentation 
of the substantially smaller virions with the pneumococci. Cell pel-
lets were treated with an anti-A/PR8 antibody followed by a FITC-
conjugated secondary antibody, and flow cytometry was used to 
quantify the percentage of pneumococci that were positive for IAV-
specific fluorescence. Figure  6a shows pneumococci alone (grey 
histogram) treated with both antibodies had minimal background 
fluorescence. In contrast, pre-incubation of pneumococci with 
γ-Flu (blue histogram) resulted in a steady increase in the amount 
of FITC fluorescence detected. This phenomenon was dose-depen-
dent, and at the highest concentration of γ-Flu tested, almost 80% 
of all pneumococci within suspension were IAV-bound (Fig. 6b). As 
an added control, IAV was incubated and centrifuged in the absence 
of pneumococci. While 10,000 events were readily detected in all 
pneumococci-containing samples, IAV alone returned <150 events 
in total in an equivalent volume (Supplementary Fig. 3). Thus, the 
low-speed centrifugation used for this assay was unable to indepen-
dently pellet IAV virions to contribute to the IAV-positive events 
detected. Furthermore, equivalent levels of binding were observed 
when mixing live or irradiated IAV and pneumococci, indicating 
that our method of vaccine inactivation successfully maintains 
native pathogen–pathogen interactions.

To further assess the direct interaction between the whole-
inactivated vaccines, transmission electron microscopy (TEM) was 
employed. Negative staining and TEM revealed both IAV virions 
and pneumococcal cells within pelleted samples, with multiple  
virions bound to the surface of individual pneumococci (Fig. 6c).

Discussion
We have previously demonstrated the enhanced immunogenicity of 
γ-PN when co-administered with γ-Flu15. Remarkably, the current 
study shows that γ-PN(ΔPsaA) similarly enhances γ-Flu-specific 
responses following co-administration. While γ-Flu-vaccinated and 
γ-Flu + γ-PN(ΔPsaA) co-vaccinated animals showed comparable 
homotypic protection, co-vaccinated animals showed significantly 
elevated protection against drifted and heterosubtypic IAV (Fig. 1). 
Interestingly, immune sera from both vaccinated groups showed 
equivalent in vitro neutralization of homotypic H1N1 and no cross-
neutralization against drifted pdmH1N1, indicating that the dif-
ferential immunity was T-cell-based. In fact, our previous studies 
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to wild-type C57BL/6 mice. After 24 h, mice were vaccinated i.n. with γ-Flu-OVA or co-vaccinated with γ-Flu-OVA + γ-PN(ΔPsaA). On day 21 post-
vaccination, lungs were collected for analysis of OT-I cells by flow cytometry. a, The total number of activated OT-I cells (CD44hiCD8+CD45.1+), 
presented as mean ± s.e.m. (n = 5 mice per group). The data were analysed by one-way ANOVA with Tukey’s multiple comparisons test. b, Single-cell 
lung suspensions were stimulated ex vivo for 4 h with SIINFEKL peptide before intracellular cytokine staining and flow cytometry. Data presented as mean 
frequency ± s.e.m. (n = 5 mice per group) of cytokine-positive OT-I cells (no significance was determined between vaccine groups by two-way ANOVA 
with Tukey’s multiple comparisons test). c, Geometric mean fluorescence intensity (MFI) ± s.e.m. (n = 5 mice per group) for each individual cytokine (no 
significance was determined between vaccine groups by two-tailed unpaired t-test). d, Activated OT-I cells (CD44hiCD45.1+) and endogenous T cells 
(CD44hiCD45.1−) were analysed for TRM phenotype (CD69+CD103+) by flow cytometry. Representative plots of TRM gating on OT-I cells are presented.  
e, OT-I TRM cells in the lungs of vaccinated mice were quantified, and are presented as frequency and total cell count (mean ± s.e.m., n = 5 mice per group). 
The data were analysed by two-tailed unpaired t-test. f, Endogenous CD4+ TRM cells (CD11ahiCD69+) (left panel) and CD8+ TRM cells (CD69+CD103+) (right 
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have established a crucial role for CD8+ T cells rather than antibody 
responses in γ-Flu-mediated cross-protection13.

The data presented here demonstrate that co-vaccination 
enhances IAV-specific T-cell immunity specifically at the site of 
pathogen re-encounter. OT-I cells isolated from the lung of γ-Flu-
OVA-vaccinated and co-vaccinated mice showed equivalent func-
tionality; however, a larger bulk population of activated cells was 
present in co-vaccinated animals (Fig. 4). As the larger OT-I popu-
lation in the lung was paired with a decreased population in the 
spleen (Fig.  3b), it is unlikely that total activation of IAV-specific 

cells was greater in either vaccine group. Rather, subsequent recruit-
ment to the lung appears to have been improved by co-vaccination. 
In fact, the trafficking chemokines CXCL10 and CCL2 were syn-
ergistically enhanced in the BAL of co-vaccinated mice compared  
to those receiving γ-Flu alone (Supplementary Fig.  2). CCL2 
promotes tissue infiltration of inflammatory monocytes/macro-
phages21, while CXCL10 and its receptor CXCR3 have been impli-
cated in recruitment of T  cells to the lung following respiratory 
infection22,23. A higher frequency of lung OT-I cells also showed  
a TRM phenotype in co-vaccinated animals (Fig.  4e). Numerous 
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studies have demonstrated that lung-resident TRM cells are cru-
cial for protection against respiratory viral infection, including 
IAV24,25. Conversion to TRM requires a variety of tissue-derived fac-
tors, including TGF-β, interleukin-15 (IL-15), TNF and IL-3319,26–29. 
Intranasal S. pneumoniae infection can induce TNF in the lung30, 
and low pneumococcal carriage density causes elevation of naso-
pharyngeal TGF-β131. Supplementary Fig. 2 shows enhancement of 
both these cytokines in the BAL of co-vaccinated animals compared 
to those receiving γ-Flu alone, and data indicate that these elevated 
levels are predominately due to the γ-PN(ΔPsaA) vaccine com-
ponent. Thus, co-vaccination enhances cytokines crucial for both 
CD8+ T-cell trafficking to the lung and subsequent conversion to a 
TRM phenotype.

The longevity of vaccine-induced TRM detected here is also of 
interest, especially considering reduced TEM populations in the 
blood and spleen of co-vaccinated mice (Fig.  3e,f). A study by 
Slutter et al. suggests that circulating TEM are the precursors to lung 
TRM

32. The reduction in TEM may therefore be due to rapid recruit-
ment from the circulation to the lung tissue. However, if this is not 
the case and the TEM pool is consistently smaller in co-vaccinated 
animals, the overall longevity of the TRM population may be affected. 
We therefore intend to assess the kinetics of IAV-specific TRM in 
γ-Flu-vaccinated and co-vaccinated mice at later time points in a 
follow-up study.

Interactions with other lymphocytes could also contribute to 
the enhanced CD8+ T-cell responses observed. Previous studies 

by our group have shown increased interferon-γ+ (IFN-γ+) CD4+ 
T-cell populations in the lungs of γ-Flu + γ-PN co-vaccinated mice 
compared to controls receiving γ-Flu alone15. CD4+ T  cells and 
IFN-γ can facilitate tissue entry of CD8+ T cells33,34, and are required 
for the expression of CXCR3 and CD103 by CD8+ T cells33. Here, 
increased CD4+ resident memory T-cell populations were detected 
in the lungs of co-vaccinated mice (Fig. 4f). These cells could medi-
ate CD8+ T-cell infiltration, or could directly confer viral protec-
tion via perforin-dependent cytotoxicity35. CD4+ effectors have 
been shown to kill IAV-peptide-coated targets in cytolytic assays, 
and confer protection in mice against IAV challenge36. CD4+ T cells 
isolated from IAV-infected human volunteers also showed cyto-
toxicity against IAV-peptide-pulsed targets, and the frequency of 
circulating CD4+ T  cells correlated with reduced illness duration 
and viral shedding following challenge37. Interaction with antigen-
presenting cells may additionally contribute to augmented immu-
nity in co-vaccinated mice. Our data show enhanced viral uptake 
by macrophages in  vitro when live IAV and γ-Flu virions were 
mixed with γ-PN(ΔPsaA) (Fig. 5a,b). Although dendritic cells are 
the predominant antigen-presenting cell participating in naive 
T-cell stimulation, peptide-pulsed macrophages can induce CD8+ 
T-cell proliferation and differentiation38. Macrophages were also 
found to undergo necrosis-like death in response to ultraviolet-
inactivated A/PR8 and heat-killed S. pneumoniae; this was associ-
ated with activation and relocation of CD11b+ dendritic cells39. The 
increased antigen uptake observed here could therefore heighten 

γ-P
N

(∆
Psa

A)

alo
ne 2 

× 
10

5

2 
× 

10
6

5 
× 

10
6

1 
× 

10
7

2 
× 

10
7

5 
× 

10
7

1 
× 

10
6

0

20

40

60

80

100

IA
V

-p
os

iti
ve

 c
el

ls
 (

%
)

****

**

****

****

*
IAV-positiveIAV-positive

0 103 104 105 106 107

IAV-positive IAV-positive

a
5 × 106 TCID50

2 × 107 TCID50 5 × 107 TCID50

1 × 107 TCID50

C
el

ls
 (

pe
rc

en
ta

ge
 o

f m
ax

im
um

)

0

20

40

60

80

100

0 103 104 105 106 107

0

20

40

60

80

100

0 103 104 105 106 107

0

20

40

60

80

100

0 103 104 105 106 107

0

20

40

60

80

100

IAV–FITC

γ-PN(∆PsaA) + γ-Flu (TCID50/ml equivalent)

b

c

Fig. 6 | Direct association of γ-Flu and γ-PN(ΔPsaA) whole-inactivated vaccines. a, γ-PN(ΔPsaA) was mixed with increasing amounts of γ-Flu, and 
incubated statically for 30 min at 37 °C. Unbound virions were removed by pelleting and extensive washing of pneumococci. Pneumococci were then 
stained with an IAV-specific FITC-conjugated antibody, and single pneumococcal cells were analysed by flow cytometry. Representative plots of FITC 
fluorescence (indicating IAV) are presented for γ-PN(ΔPsaA) alone (grey) or γ-PN(ΔPsaA) incubated with increasing concentrations (TCID50 equivalent 
ml−1) of γ-Flu (blue). The histograms are representative of two biologically independent experiments. b, The percentage of IAV-positive pneumococci 
was quantified for each γ-Flu concentration tested. The data are presented as mean ± s.e.m. (n = 3 biologically independent samples per group), and 
were analysed by one-way ANOVA with Tukey’s multiple comparisons test (*P < 0.05, **P < 0.01, ****P < 0.0001, compared to γ-PN(ΔPsaA) alone). The 
data are compiled from two independent experiments. c, γ-Flu-OVA and γ-PN(ΔPsaA) vaccines were mixed, and then washed and negatively stained for 
imaging by TEM. Representative images from two biologically independent experiments are presented. Small arrows indicate individual IAV virions and 
large arrows indicate pneumococci.

NATuRE MICRobIoLogy | VOL 4 | AUGUST 2019 | 1316–1327 | www.nature.com/naturemicrobiology 1323

http://www.nature.com/naturemicrobiology


Articles Nature Microbiology

T-cell activation, and may promote dendritic cell trafficking for 
superior antigen presentation. Our data also demonstrate enhanced 
viral infection of epithelial-like cells when pre-incubating IAV with 
high γ-PN(ΔPsaA) concentrations (Fig.  5c,d). Co-vaccination  
with γ-PN(ΔPsaA) may similarly increase internalization of 
γ-Flu virions by epithelial cells in vivo, as γ-Flu is able to undergo  
membrane fusion due to intact virion morphology and functional 
surface proteins. This would amplify the amount of intracellular 
IAV antigen available for presentation on major histocompatibility 
complex I and subsequent induction of cytotoxic T-cell responses.

Astoundingly, direct binding between the functionally intact, 
but inactivated, IAV and pneumococcal vaccines may underlie 
the increased vaccine immunogenicity. Simultaneous exposure 
to γ-Flu and γ-PN(ΔPsaA) was required for enhanced uptake by 
macrophages, whereas adding the vaccine antigens sequentially had  
no significant effect (Supplementary Fig.  3). When considering 
phagocytic uptake, recognition and internalization of the entire 
IAV–pneumococcal complex is likely. This would induce a dra-
matically altered cytokine profile compared to γ-Flu alone due to 
the presence of additional bacterial pathogen-associated molecu-
lar patterns. For example, IAV-infected human monocyte-derived 
macrophages were shown to upregulate production of multiple 
inflammatory mediators after subsequent S. pneumoniae exposure, 
particularly CXCL1040.

While synergistic interactions between S. pneumoniae and  
other respiratory viruses (respiratory syncytial virus, parainflu-
enza viruses and human metapneumovirus) have previously been 
reported41–43, this report demonstrates a direct IAV–pneumococcal  
interaction. Interestingly, binding between IAV and other strepto-
cocci has been observed previously, with the interaction being 
dependent on streptococcal capsular polysaccharide (CPS). 
Okamoto et al. reported that binding between IAV and Streptococcus 
pyogenes was substantially reduced when the bacterial capsule was 
removed44. A sialic acid moiety in Streptococcus suis CPS similarly 
mediates binding to swine influenza viruses45, and a capsular sialic 
acid-dependent interaction with IAV was shown for Streptococcus 
agalactiae46. Strikingly, these interactions are in direct contrast 
to data presented here. Due to use of a non-encapsulated pneu-
mococcal vaccine strain, our data demonstrate a high degree of 
binding between IAV and S. pneumoniae in the complete absence 
of pneumococcal CPS. Pneumococcal surface proteins may there-
fore mediate the binding observed. In addition, kinetics data in 
Supplementary Fig. 3 show a small degree of binding immediately 
after mixing the vaccine components, suggesting that hydrophobic 
interactions could be contributing.

Overall, this study demonstrates the immense value of utilizing 
both known and novel aspects of the synergism between IAV and 
S. pneumoniae, and exploiting them for superior vaccine-induced 
responses. The dual enhancement of responses demonstrated here 
and in our previous study15, paired with the conferral of broad-
spectrum protection, makes this co-vaccination strategy ideal for 
limiting mortality during future influenza pandemics and seasonal 
epidemics. An increased understanding of the mechanisms permit-
ting pathogen–pathogen interactions may also shed light on disease 
progression during co-infection, and assist in the development of 
new therapeutics to mitigate the severity of symptoms.

Methods
Bacterial and viral vaccine stocks. Influenza A viruses (A/Puerto Rico/8/34 
(H1N1) (A/PR8)) and A/PR8-OVA were grown in the allantoic cavity of 
10-day-old embryonated chicken eggs. A/PR8-OVA is engineered to express the 
ovalbumin peptide SIINFEKL (the original stock was a gift from S. Turner, Monash 
University). Eggs were injected with 103 half-maximum tissue-culture infectious 
dose (TCID50) of virus, incubated for 48 h at 37 °C, and chilled at 4 °C overnight. 
Allantoic fluid was collected, pooled and stored at −80 °C. Virus stocks were then 
concentrated using chicken red blood cells (cRBCs), as previously described47. 
Briefly, allantoic fluid was incubated with cRBCs for 45 min at 4 °C to allow 

binding of viral haemagglutinin to erythrocytes, then centrifuged for 10 min at 
3,200g (at 4 °C), and allantoic supernatant was removed. Pellets were resuspended 
in 0.85% saline, incubated for 1.5 h at 37 °C to release virus from cRBCs, and 
then centrifuged to separate erythrocytes from virus-containing supernatant. 
Concentrated stocks were titrated in MDCK cells using TCID50 assay48 and virus 
titres were estimated to be 2 × 108 TCID50 ml−1 for A/PR8, and 6 × 106 TCID50 ml−1 
for A/PR8-OVA.

Streptococcus pneumoniae strains were statically grown in Todd–Hewitt 
broth supplemented with 0.5% yeast extract (THY) at 37 °C in 5% CO2 unless 
otherwise stated. The S. pneumoniae vaccine strain used in this study (Rx1) 
is a capsule-deficient derivative of D39 (serotype 2). The isogenic mutant 
derivative Rx1(ΔLytA, PdT) was generated as previously described49. Additional 
genetic manipulation was performed on strain Rx1(ΔLytA, PdT) to delete the 
pneumococcal surface antigen A (psaA) gene in-frame, in a similar manner 
as previously described50. All PCR primers used are listed in Supplementary 
Table 1. First, a tagged psaA deletion mutant was generated by transformation of 
Rx1(ΔLytA, PdT) with a cassette comprised of an erythromycin resistance gene 
(EryR) fused to psaA 5ʹ and 3ʹ flanking regions. The 5ʹ flanking region of psaA 
was obtained using the primers PsaAuF and PsaAuR-J214, while the 3ʹ flanking 
region was obtained using the primers LM8-J215 and PsaAdR. The EryR gene was 
amplified using the primers J214 and J215. The cassette was assembled by overlap 
extension PCR with the primers PsaAuF and PsaAdR, and used to transform 
Rx1(ΔLytA, PdT). All transformation steps and subsequent growth steps with 
the resultant Rx1(ΔLytA, PdT, ΔPsaA::EryR) strain used THY supplemented 
with 400 μM MnCl2 to overcome the growth defect of PsaA-null mutants. A 
PCR product that fused the psaA 5ʹ and 3ʹ flanking regions was then generated 
via amplification of the 5ʹ psaA flanking region with the primers PsaAuF and 
PsaAuRtuF, and the 3ʹ region with the primers LM8tdR and PsaAdR. These flanks 
were joined via overlap extension PCR with the primers PsaAuF and PsaAdR, and 
the resulting PCR product was used to replace the EryR cassette in Rx1(ΔLytA, 
PdT, ΔPsaA::EryR), thus deleting psaA in-frame. Successful transformants were 
screened for loss of erythromycin resistance by replica plating onto blood agar 
plates containing MnCl2, or MnCl2 + erythromycin. The psaA flanking regions of 
putative mutants were PCR-amplified, and in-frame deletions were confirmed by 
sequencing. The final Rx1(ΔLytA, PdT, ΔPsaA) strain was additionally validated 
using PCR, Sanger sequencing and western blot.

Rx1(ΔLytA, PdT, ΔPsaA) was then grown in THY + 400 μM MnCl2 at 
37 °C + 5% CO2 to OD600 nm = 0.65. Cells were pelleted by centrifugation at 
12,000g for 10 min at 4 °C, then washed three times in PBS and resuspended in 
PBS + 13.33% glycerol at a density of ~1010 CFU ml−1 in 200 μl aliquots.

Generation of whole-inactivated vaccines. Concentrated A/PR8, A/PR8-OVA 
and Rx1(ΔLytA, PdT, ΔPsaA) stocks were inactivated by exposure to 50 kGy, 
25 kGy and 16 kGy, respectively, of γ-radiation from the 60Co irradiation facility 
at the Australian Nuclear Science and Technology Organisation. All samples were 
kept frozen on dry-ice during irradiation and transportation. Sterility of irradiated 
A/PR8 (γ-Flu) and irradiated A/PR8-OVA (γ-Flu-OVA) was confirmed by 
passages in embryonated chicken eggs as recommended by WHO (World Health 
Organization) for flu vaccine manufacturing51. In brief, 10-day-old embryonated 
eggs were inoculated with 100 μl of inactivated virus preparation and incubated for 
2 days at 37 °C. The allantoic fluid of individual eggs was then collected and used 
to infect new 10-day-old embryonated eggs. This process was repeated three times 
and lack of detectable haemagglutination in allantoic fluid from all three passages 
indicated complete loss of viral infectivity. To determine haemagglutination, 
collected allantoic fluid was serially diluted in PBS using a 96-well round-
bottom plate and 0.8% cRBCs in PBS were added. Plates were incubated at 4 °C 
and haemagglutination patterns were analysed 24 h later. Sterility of irradiated 
Rx1(ΔLytA, PdT, ΔPsaA) (γ-PN(ΔPsaA)) was determined by lack of detectable 
CFU after plating of neat samples on blood agar plates.

Mice and vaccinations. For challenge experiments, 6–7-week-old female wild-
type BALB/c mice were suplied by Laboratory Animal Services at the University of 
Adelaide. Mice were first anaesthetized intraperitoneally with 10 μl g−1 body weight 
ketamine anaesthetic (1% xylazine, 10% ketamine in sterile H2O). Anaesthetized 
mice were then vaccinated intranasally (i.n.) with either γ-Flu alone (6.4 × 106 
TCID50 equivalent per mouse in 32 μl) or γ-Flu + γ-PN(ΔPsaA) (6.4 × 106 TCID50 
equivalent + 108 CFU equivalent γ-PN(ΔPsaA) in 32 μl). Control animals received 
γ-PN(ΔPsaA) (108 CFU equivalent in 32 μl), or plain PBS (mock-vaccine). Where 
necessary, inactivated vaccine components were mixed and incubated on ice for 
~15 min before immunization. Serum was collected from all mice via submandibular 
bleeding on day 20 post-vaccination. On day 21 post-vaccination, animals were 
anaesthetized, and challenged i.n. with either A/PR8 (homotypic H1N1, 1.6 × 102 
TCID50 per mouse), A/California/07/09 ((A/Cal), drifted pdmH1N1, 1.3 × 105 
TCID50 per mouse) or A/PortChalmers/1/73 ((A/PC), heterosubtypic H3N2, 
5.4 × 105 TCID50 per mouse). Challenged mice were monitored for 3 weeks for 
development of clinical symptoms (including weight loss), and animals were 
humanely euthanized if they lost 20% of their starting body weight.

For analysis of influenza-specific T-cell responses, naive CD8+ OT-I cells 
were isolated from the spleens of OT-I mice (transgenic C57BL/6 line described 
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by ref. 52), using the EasySep Mouse Naive CD8+ T-cell isolation kit (Stem Cell 
Technologies). OT-I cell purity of at least 90% was required for all transfers. 
Seven-week-old female C57BL/6 mice were purchased from ARC, and 1 × 104 
OT-I cells in 200 μl of PBS were transferred intravenously per mouse. At 24 h 
post transfer, recipients were anaesthetized as above, and then vaccinated i.n. 
with either γ-Flu-OVA alone (3 × 105 TCID50 equivalent per mouse in 50 μl) or 
γ-Flu-OVA + γ-PN(ΔPsaA) (3 × 105 TCID50 equivalent + 108 CFU equivalent 
γ-PN(ΔPsaA) in 50 μl). Inactivated vaccine components were mixed and incubated 
on ice for ~15 min before immunization. Control animals received PBS alone. 
Blood samples were collected from all mice via submandibular bleeding on days 7 
and 14 post-vaccination. Mice were then euthanized on day 21 post-vaccination by 
CO2 inhalation, and blood, lungs, spleen and mLN were collected for analysis by 
flow cytometry.

In vitro neutralization assay. Tissue-culture plates (96-well) were seeded 
with 6 × 104 MDCK cells per well. Live A/PR8 or A/Cal virus was diluted in 
allantoic fluid, and activated by treatment with 4 μg ml−1 N-tosyl-l-phenylalanine 
chloromethyl ketone (TPCK)-trypsin (Sigma-Aldrich) for 30 min at 37 °C. Serum 
samples from vaccinated and control BALB/c mice were heat-inactivated for 
30 min at 56 °C. Heat-inactivated serum was then serially diluted in PBS, mixed 
with activated IAV in a 1:1 ratio, and incubated for 1 h at 37 °C to allow binding. 
IAV + serum mixtures were then added to MDCK monolayers at a multiplicity of 
infection (MOI) of 0.1, and incubated for 2 h at 37 °C + 5% CO2. Monolayers were 
then washed with PBS to remove unbound virus, and incubated for an additional 
22 h in serum-free medium. Monolayers were then fixed for 15 min in ice-cold 
acetone/methanol (mixed in 1:1 ratio), and stained using polyclonal murine 
anti-A/PR8 or -A/Cal sera at 1:200 dilution (generated as previously described53) 
for 1 h at 4 °C. Secondary antibody Alexa-Fluor488-conjugated goat anti-mouse 
IgG (H + L) (1:200 dilution, Life Technologies) was then added for 1 h at 4 °C, 
and nuclei were stained with 4ʹ,6-diamidino-2-phenylindole (DAPI; 1 μg ml−1 in 
milliQ) for 30 min at room temperature. Fluorescence imaging was performed 
using a Nikon TiE inverted fluorescence microscope, and images were analysed 
using NIS elements software.

Preparation of cell suspensions for flow cytometry. Mice were euthanized by 
CO2 asphyxiation, and 0.5 ml of blood was immediately collected into 10 ml PBS 
via cardiac puncture. Mice were then perfused with 10 ml cold PBS through the 
right ventricle. Lungs were finely macerated in 1 ml pre-warmed digestion medium 
(DMEM (Gibco) supplemented with 5% FCS, 10 mM HEPES, 2.5 mM CaCl2, 
0.2 U ml−1 penicillin/gentamicin, 1 mg ml−1 collagenase IA (Sigma-Aldrich) and 
30 U ml−1 DNase (Sigma-Aldrich)) and incubated at 37 °C for 1 h, with mixing 
every 20 min. Single-cell suspensions were filtered through 70 μm filters (BD). 
Spleen and mLN were collected, and single-cell suspensions were prepared by 
mechanical disruption through a 70 μm filter. All tissue samples were incubated 
in red cell lysis buffer (155 mM NH4Cl and 170 mM Tris-HCl (pH 7.65) combined 
at a 9:1 ratio, with pH adjusted to 7.2) for 5 min at 37 °C. Samples were thoroughly 
washed in PBS and kept on ice until staining.

Cell staining and flow cytometric analysis. Single-cell suspensions were pelleted 
in 96-well U-bottom trays (400 rcf, 2 min) at 2 × 106 cells per well. Cells were 
resuspended in near-infrared fixable dye (1:1,000 dilution in PBS, BD) for 15 min 
at room temperature in the dark. All subsequent incubations were performed at 
4 °C. Cells were washed twice in FACS buffer (PBS + 1% BSA + 0.04% sodium 
azide), and blocked with murine γ-globulin (200 μg ml−1 in FACs buffer) for 
10 min. Cells were stained with the primary antibodies detailed in Supplementary 
Table 2 for 20–30 min. For intracellular cytokine staining, cells were first  
stimulated for 4 h with SIINFEKL peptide in restimulation medium (IMDM 
(Gibco) supplemented with 10% FCS, 1× penicillin/streptomycin (Gibco),  
1× Glutamax (Gibco), 54 pM β-mercaptoethanol (Sigma), 1 nM ionomycin (Life 
Technologies), GolgiStop (BD, 1/1,500 dilution of stock) and 1 μg ml−1 SIINFEKL 
(InVivoGen)). Stimulated cells were then washed twice in PBS before viability 
staining and incubation with primary antibodies against surface antigens as above. 
Cells were then permeabilized in BD CytoFix/CytoPerm (BD) for 20 min. Cells 
were washed in Permwash (BD) and stained with a cocktail of antibodies against 
intracellular cytokines as per Supplementary Table 2 for 20 min. Cells were then 
washed in Permwash (BD), followed by a PBS + 0.04% sodium azide wash before 
resuspension in 1% PFA. Data acquisition for all samples was performed on a BD 
LSRFortessa X-20 flow cytometer.

Focus-forming assay. Tissue-culture plates (96-well) were seeded with 6 × 104 
MDCK cells per well. Live A/PR8 was diluted in allantoic fluid and activated 
by treatment with 4 μg ml−1 TPCK-trypsin (Sigma-Aldrich) for 30 min at 37 °C. 
γ-PN(ΔPsaA) was serially diluted in PBS (ranging from 100–107 CFU equivalent 
per well of inactivated pneumococci), and mixed in a 1:1 ratio with activated  
A/PR8. After thorough mixing, suspensions were incubated at 37 °C for 30 min, 
and then added to MDCK monolayers to give either 100 focus-forming unit (FFU) 
per well of A/PR8, or A/PR8 MOI of 0.1. Cell monolayers were incubated with the 
virus + pneumococci mixtures for 2 h at 37 °C to allow viral adhesion. Inoculum 
was then removed, and monolayers were washed with PBS to remove unbound 

virus. Monolayers were incubated for an additional 22 h in serum-free media, and 
then washed, fixed and permeabilized with acetone/methanol, and stained for  
IAV infection as per in vitro neutralization assay.

Macrophage uptake assay. THP-1 cells (Sigma) were maintained in RPMI + 1% 
penicillin/streptomycin, 1% l-glutamine, 10% FCS. Cells were seeded into 
12-well plates at 5 × 105 cells per well, and differentiated into macrophage-like 
cells with 50 ng ml−1 PMA for 3 days. Medium was then aspirated to remove 
non-adherent cells and replaced with fresh medium (no PMA). Cells were 
rested for 36 h before use in assays. For assessment of antigen uptake, live and 
irradiated A/PR8 was diluted to 108 TCID50 ml−1 equivalent in RPMI, and mixed 
with 5 × 107 CFU ml−1 equivalent γ-PN(ΔPsaA) where appropriate. Suspensions 
were statically incubated at 37 °C for 30 min, and then added to washed THP-1 
monolayers (1 ml diluted antigen mixture per well). Monolayers were incubated 
with vaccine antigens for 3 h, and then washed thoroughly with PBS. Alternatively, 
cells were exposed to γ-PN(ΔPsaA) alone for 1 h, followed by extensive washing, 
and subsequent exposure to γ-Flu alone for 3 h. Cells were then trypsinized for 
10 min. RPMI + 10% FCS was added to neutralize trypsin, and cells were washed 
thoroughly in PBS before cell counting and plating in 96-well trays at 80,000 cells 
per well. Cells were incubated with near-infrared fixable dye (1:1,000 dilution 
in PBS, BD), and Fc receptors were blocked with human sera (1:50 dilution in 
PBS + 1% BSA + 0.04% sodium azide). Cells were permeabilized using the BD 
CytoFix/CytoPerm Fixation/permeabilization Solution Kit according to the 
manufacturer’s instructions, and stained for intracellular antigen with FITC-
conjugated mouse anti-IAV NP (ab20921, diluted 1:150 in BD PermWash) for 
30 min on ice. Cells were washed, and resuspended in 1% PFA for acquisition on  
a BD LSRFortessa X-20 flow cytometer.

Flow cytometry to assess interaction of vaccine components. All buffers were 
0.2 μm filter-sterilized before use. γ-PN(ΔPsaA) was diluted to 5 × 108 CFU 
equivalent ml−1 in sterile PBS. Increasing amounts of γ-Flu were added to diluted 
γ-PN(ΔPsaA) suspensions, ranging from 2 × 105 to 5 × 107 TCID50 equivalent ml−1. 
As a control, γ-PN(ΔPsaA) was also mixed with increasing amounts of 
allantoic fluid alone. Live and irradiated samples of PN(ΔPsaA) (at 5 × 108 CFU 
equivalent ml−1) were also mixed with live or irradiated IAV (at 1 × 107 TCID50 
ml−1), or allantoic fluid or PBS alone. All mixtures were incubated for 30 min 
(unless otherwise indicated) at 37 °C + 5% CO2, then spun at 10,000g for 3 min (to 
pellet pneumococci but not free virions), and pellets were washed 3× in sterile PBS. 
Mixtures were then plated in a 96-well U-bottom tray at 5 × 107 CFU equivalent 
per well, and centrifuged at 4,000g for 10 min. Pellets were then resuspended in 
50 μl polyclonal murine anti-A/PR8 sera diluted 1:200 in PBS + 1% BSA (generated 
as described in ref. 53), and incubated on ice for 45 min. Cells were then washed 
3× in PBS, and resuspended in 50 μl goat anti-mouse IgG (H + L) (AlexaFluor488 
conjugated, Life Technologies) diluted 1:500 in PBS + 1% BSA. Plates were 
incubated on ice for 45 min, and cells were washed 3× in PBS, then resuspended 
in 200 μl 2% PFA for data acquisition on an Accuri flow cytometer. A minimum of 
10,000 events were acquired per sample.

TEM. γ-Flu-OVA and γ-PN(ΔPsaA) preparations were mixed in 0.2 μm filter-
sterilized PBS (3 × 105 TCID50 equivalent γ-Flu-OVA added to 108 CFU equivalent 
γ-PN(ΔPsaA)), and incubated for 30 min on ice. Mixtures were then washed twice 
in PBS by spinning at 10,000g for 3 min. Pellets were resuspended in PBS and 
loaded into 3 mm Formvar–amorphous carbon-coated copper grids and left for 
2 min. Excess solution was removed by blotting with Whatman paper. Samples 
were stained with 2% uranyl acetate for 2 min, and then blotted and left to dry at 
room temperature for 10 min before visualization with an FEI Tecnai G2 Spirit 
Transmission Electron Microscope (Adelaide Microscopy, University of Adelaide).

Cytokine analysis. BALB/c mice were anaesthetized and vaccinated i.n. with  
γ-Flu alone (6.4 × 106 TCID50 equivalent per mouse in 32 μl), or γ-Flu + 
 γ-PN(ΔPsaA) (6.4 × 106 TCID50 equivalent + 108 CFU equivalent γ-PN(ΔPsaA) in 
32 μl). Control animals received γ-PN(ΔPsaA) alone or plain PBS. On days 2, 4  
and 6 post-vaccination, mice were euthanized by CO2 asphyxiation, and the 
trachea was exposed and opened. BAL was collected by 2 sequential 0.5 ml PBS 
washes of the lungs from the tracheal opening using a syringe fitted with an Insyte 
Autoguard catheter (BD). Custom murine Luminex immunoassay was performed 
by Crux Biolab.

Statistical analysis. Quantitative results are expressed as mean ± s.e.m. For 
all in vivo experiments, data are representative of two independent replicate 
experiments with similar results, unless otherwise specified. Unpaired t-tests (two-
tailed) were used for comparison of data from two separate groups, and one-way 
analysis of variance (ANOVA; with Tukey’s multiple comparisons test) was used for 
comparison of data from three or more groups. Two-way ANOVA (with Tukey’s 
multiple comparisons test) was used when data were grouped according to two 
independent variables. Survival data were analysed using Fisher’s exact test (two-
tailed). All statistical analyses were performed using GraphPad Prism 8, version 
8.0.1 (GraphPad Software). P values < 0.05 (95% confidence) were considered 
statistically significant.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data sets generated during and/or analysed during the current study are available from the corresponding author on reasonable request
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Where possible the standard deviation was determined by empirical experiments (e.g. animal weights from prior influenza experiments) and 
the biologically meaningful difference in mean weight that we would need to measure determined between groups (e.g. 20% difference 
between control and test groups). We then derive 'n' by determining that we need to have a minimum of 80% power to detect this 
differences with a p value of <0.05. Virtually all of the experiments planned are multi-parameter experiments with each parameter having a 
unique standard deviation profile. Therefore, for each experiment, we have based our power calculations for sample size (animal numbers) on 
the parameter which we find has the greatest variation (largest standard deviation). This is usually no more than 10% of the mean when n = 
10.

Data exclusions Exclusion criteria were established based on initial analysis of the data. If an outlier was suspected in a data set, a two-tailed Grubb's Test was 
performed, also called the ESD method (extreme studentized deviate). This method is recommended by Graphpad Prism v.8, and takes into 
account the mean and standard deviation of the data set. Any statistically significant outliers determined by this test were excluded from 
subsequent analysis. 

Replication All attempts at replication were successful. Experiments were repeated at least once and all data presented in the manuscript were 
successfully reproduced without exclusions. Survival data from mouse studies that is presented are combined from two independent 
experiments. For in vitro work, all samples were also tested in triplicate or quadruplicate in each experiment.

Randomization All mice used for experiments throughout this study were female, and all within a set age range for a given experiment (e.g. all mice were at 
6-7 weeks of age at the start date of vaccination-challenge experiments). Mice were allocated randomly into experimental groups prior to any 
experiments commencing.

Blinding The experiments were not performed blinded. All experiments were performed by Shannon David as part of her PhD project. Staff resources 
for routine experimental blinding were not available.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry
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Unique biological materials
Policy information about availability of materials

Obtaining unique materials Irradiated vaccine preparations were grown and concentrated at Adelaide University, and irradiated at ANSTO in NSW. Samples 
of both IAV and pneumococcal vaccines are readily available from the authors upon request.

Antibodies
Antibodies used Below are all the commercially available antibodies used in this study. Information is as follows: target, fluorophore, supplier, 

clone name, catalogue number. Specific dilutions for each antibody are listed in Supplementary Table 2 of the Supplementary 
Material, and in the Methods Section of the main text. 
Anti-CD8, BUV395, BD, clone 53-6.7, 563786 
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Anti-CD44, FITC, BD, clone IM7, 553133 
Anti-CD45.1, BV421, BD, clone A20, 563983 
Anti-CD127, PECy7, eBioscience, clone A7R34, 14-1271-82 
Anti-KLRG1, APC, eBioscience, clone 2F1, 17-5893-82 
Anti-CX3CR1, PE, Biolegend, clone SA011F11, 149006 
Anti-CD27, BV711, BD, clone LG.3A10, 740699 
Anti-CD45.1, PE, BD, clone A20, 561872 
Anti-CD44, V450, BD, clone IM7, 560452 
Anti-IFN-y, PECy7, eBioscience, clone XMG1.2, 25-7311-41 
Anti-GzmB, Alexa647, Biolegend, clone GB11, 515405 
Anti-TNF-a, FITC, eBioscience, clone MP6-XT22, 11-7321-41 
Anti-IL-17, BUV711, Biolegend, clone TC11.18H10.1, 506901 
Anti-CD4, BUV395, BD, clone GK1.5, 563790 
Anti-CD8, BUV737, BD, clone 53-6.7, 564297 
Anti-CD45.1, FITC, BD, clone A20, 553775 
Anti-CD69, PECy7, BD, clone H1.2F3, 561930 
Anti-CD103, PE, eBioscience, clone 2E7, 12-1031-81 
Anti-CD11a, Biotin, BD, clone HL111, 557365 
Anti-CD44, V450, BD, clone IM7, 560452 
Anti-Biotin, Alexa647, Biolegend, 405237 
Anti-IAV Nucleoprotein, FITC, Abcam, ab20921 
Anti-mouse IgG (H+L), AlexaFluor488, Life Technologies, A11001 
 
Anti-IAV polyclonal murine antibodies used for in vitro neutralisation assays were generated in-house by i.p. immunisation of 
Balb/c mice with live A/PR8, A/Cal, or A/PC (as published in reference #53). 

Validation All commercially available antibodies were validated specifically for the required experiment (flow cytometry or 
immunofluorescence) by the manufacturer (BD, eBioscience, Abcam, and Biolegend). Antibodies were used only on species for 
which they have been validated by the vendor. Validation data are available on the manufacturer's website (BD bioscience; 
https://www.bdbiosciences.com/eu/reagents/research/antibodies- buffers/immunology-reagents/c/744843, eBioscience; 
https://www.thermofisher.com/jp/en/home/life-science/cell-analysis/ flow-cytometry/antibodies-for-flow-cytometry.html). 
Appropriate antibody dilutions were performed based on preliminary experiments.  
Reactivity of polyclonal murine antibodies was validated by immunofluorescence testing against the IAV subtype of interest, and 
against drifted and heterosubtypic strains to ensure no antibody cross-reactivity. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) THP-1 Human cell line obtained from Sigma (88081201) 
Madin Darby Canine Kidney cells (MDCK) obtained from ATCC

Authentication Cell lines were not authenticated in our laboratory.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Balb/c (wild-type), female, 6-7 weeks of age 
C57/BL6 (wild-type) female, 7 weeks of age 
OT-I mice (C57/BL6 background) female, 6-10 weeks of age. Mice obtained from Professor Shaun McColl, University of Adelaide 
All mice were bred and housed at the University of Adelaide Animal Facility

Wild animals No wild animals involved

Field-collected samples No samples collected from the field
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Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For analysis of T-cell populations after vaccination: 
C57/BL6 mice were euthanised by CO2 asphyxiation, and 0.5 ml of blood was immediately collected into 10 ml PBS via cardiac 
puncture.  Mice were then perfused with 10 ml cold PBS through the right ventricle. Lungs were finely macerated in 1 ml pre-
warmed digestion medium (DMEM (Gibco) supplemented with 5% FCS, 10 mM HEPES, 2.5 mM CaCl2, 0.2 U/ml penicillin/
gentamicin, 1 mg/ml collagenase IA (Sigma-Aldrich), and 30 U/ml DNase (Sigma-Aldrich)) and incubated at 37oC for 1 h, with 
mixing every 20 min.  Single cell suspensions were filtered through 70 um filters (BD). Spleen and mLN were harvested, and 
single cell suspensions prepared by mechanical disruption through a 70 um filter. All tissue samples were incubated in red cell 
lysis buffer (155 mM NH4Cl and 170 mM Tris-HCl (pH 7.65) combined at a 9:1 ratio, with pH adjusted to 7.2) for 5 min at 37oC. 
Samples were thoroughly washed in PBS and kept on ice until staining.  
 
Single cell suspensions were then pelleted in 96-well U-bottom trays (400 rcf, 2 min) at 2 x 10^6 cells/well. Cells were 
resuspended in Near Infrared fixable dye (1:1000 dilution in PBS, BD) for 15 min at RT in the dark. All subsequent incubations 
were performed at 4oC. Cells were washed twice in FACS buffer (PBS + 1% BSA + 0.04% Sodium Azide), and blocked with murine 
y-globulin (200 ug/ml in FACs buffer) for 10 min. Cells were stained with primary antibodies detailed in Supplementary Table 2 
for 20 – 30 min. For intracellular cytokine staining, cells were first stimulated for 4 hrs with SIINFEKL peptide in restimulation 
medium (IMDM (Gibco) supplemented with 10% FCS, 1x penicillin/streptomycin (Gibco), 1x Glutamax (Gibco), 54 pM  β-
mercaptoethanol (Sigma), 1 nM ionomycin (Life Technologies), GolgiStop (BD, 1/1500 dilution of stock) and 1 μg/ml SIINFEKL 
(InVivoGen)). Stimulated cells were then washed twice in PBS before viability staining and incubation with primary antibodies 
against surface antigens as above. Cells were then permeabilised in BD CytoFix/CytoPerm (BD) for 20 min. Cells washed in 
Permwash (BD) and stained with a cocktail of antibodies against intracellular cytokines for 20 min. Cells were then washed in 
Permwash (BD), followed by a PBS + 0.04% sodium azide wash prior to resuspension in 1% PFA. 
 
 
For analysis of direct binding between IAV and S. pneumoniae: 
All buffers were 0.2 um filter-sterilised prior to use. y-PN(PsaA)was diluted to 5 × 10^8 CFU equivalent/ml in sterile PBS. 
Increasing amounts of y-Flu were added to diluted y-PN(PsaA) suspensions, ranging from 2 × 10^5 – 5 × 10^7 TCID50 equivalent/
ml. As a control, y-PN(PsaA) was also mixed with increasing amounts of allantoic fluid (AF) only. All mixtures were incubated for 
30 min at 37oC + 5% CO2, then spun at 10,000 xg for 3 min (to pellet pneumococci but not free virions), and pellets were 
washed in sterile PBS. Mixtures were then plated in a 96-well U-bottom tray at 5 x 10^7 CFU equivalent/well, and centrifuged at 
3,200x g for 10 min. Pellets were then resuspended in 50 ul polyclonal murine anti-A/PR8 sera (diluted 1:200 in PBS + 1% BSA), 
and incubated on ice for 45 min. Wells were then topped up to 200 ul in PBS, and cells washed 3x in PBS. Pellets then 
resuspended in 50 ul goat anti-mouse IgG (H+L) (AlexaFluor488 conjugated, Life Technologies) diluted 1:500 in PBS + 1% BSA. 
Plates were incubated on ice for 45 min, and cells were washed 3x in PBS, then resuspended in 200 ul 2% PFA for data 
acquisition. A minimum of 10,000 events were acquired per sample.   
 
 
For analysis of IAV uptake by macrophages: 
For assessment of antigen uptake, live and irradiated A/PR8 was diluted to 10^6 TCID50/ml equivalent in RPMI, and mixed with 
10^7 CFU/ml equivalent y-PN(PsaA) where appropriate. Suspensions were statically incubated at 37oC for 30 min, then added to 
washed THP-1 monolayers (cells seeded in 12-well trays 3 days prior. 1ml diluted antigen mixture added per well). Monolayers 
were incubated with vaccine antigens for 3 h, then washed thoroughly with PBS. Cells were trypsinised for 10 min. RPMI + 10% 
FCS was added to neutralise trypsin, and cells were washed thoroughly in PBS prior to cell counting and plating in 96-well trays at 
40,000 cells/well. Cells were incubated with Near Infrared fixable dye (1:1000 dilution in PBS, BD), and Fc receptors were blocked 
with human sera (1:50 dilution in PBS + 1% BSA + 0.04% Sodium Azide). Cells were permeabilized using the BD CytoFix/CytoPerm 
Fixation/permeabilisation Solution Kit according to the manufacturer’s instructions, and stained for intracellular antigen with 
FITC-conjugated mouse anti-IAV nucleoprotein (ab20921, diluted 1:150 in BD PermWash) for 30 min on ice. Cells were washed, 
and resuspended in 1% PFA for acquisition. 

Instrument Data acquisition for all murine tissues and THP-1 samples was performed on a BD LSRFortessa X-20 flow cytometer. Direct 
interaction of IAV and pneumococcal vaccine components was assessed using the BD Accuri C6 Plus Flow Cytometer.

Software All flow cytometry data was analysed using FlowJo software, v10.4.1

Cell population abundance For isolation of CD8+ OT-I cells, spleens of OT-I mice were harvested and separated using the EasySepTM Mouse Naive CD8+ T-
cell isolation kit (Stem Cell Technologies). OT-I cell purity of at least 90% was required for all transfers to wild-type C57/BL6 mice, 
and was determined by flow cytometry with post-sort samples. 
 
Following transfer and intranasal vaccination, the abundance of these transferred OT-I cells was approximately 10-20% of all 
activated CD8+ T-cells in the lung at 21 days post-vaccination. Frequencies in the spleen and mLN were lower at the same time 
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point, at approximately 2% and 0.5% respectively. The abundance of OT-I cells in the blood was highest on day 7 post-
vaccination (approximately 15-20% of all activated CD8+ T-cells). Frequencies were reduced to 5% on day 14, and OT-I cells were 
undetectable in the circulation by day 21 post-vaccination in all groups.

Gating strategy For isolation of Endogenous CD8+ T-cells and transferred OT-I cells: Transferred OT-I cells from CD45.1+ mice were identified by 
first gating on size and singularity, followed by exclusion of dead cells. Live cells were then gated on CD8 and CD44 to identify 
activated CD8+ T-cells. Expression of CD45.1 on these activated cells then allowed discrimination of endogenous CD8+ T-cells 
and transferred OT-I cells. 
 
For detection of circulating memory cell subsets TCM (central memory), TPM (peripheral memory), and TEM (effector memory): 
Cells were gated based on size and singularity, followed by exclusion of dead cells. Live cells were then gated on CD8 and CD44 
to identify activated CD8+ T-cells. CD45.1 expression allowed identification of endogenous CD8+ T-cells and transferred OT-I 
cells. Each population was then gated based on CD27 and CX3CR1 to identify circulating memory cell subsets TCM (CD27
+CX3CR1-), TPM (CD27+CX3CR1+), and TEM (CD27-CX3CR1+). 
 
For detection of cytokine-positive OT-I cells: Cells were gated first on size and singularity, followed by exclusion of dead cells. 
Activated CD8+ T-cells were gated for based on CD8 and CD44 co-expression. Naïve CD8+ T-cells were identified by the absence 
of CD44. This naïve population was used to set positive gates for expression of the cytokines GzmB, TNF-a, IL-17, and IFN-y. 
Activated CD8+ T-cells were divided into endogenous CD8+ T-cells and transferred OT-I populations using CD45.1 expression. 
The cytokine gates set using the naïve population were subsequently applied to activated CD8+ T-cell subsets to identify 
cytokine-expressing OT-I cells.  
 
For identification of Tissue Resident Memory (TRM) cells: Cells were first gated based on size and singularity, followed by 
exclusion of dead cells. CD8 and CD4 expression were then used to identify CD4+ and CD8+ T-cell populations. CD44 expression 
was used to identify activated T-cells in each subset, and the CD8+ T-cell subset was additionally divided into endogenous CD8+ 
T-cells and transferred OT-I cells based on CD45.1. CD4+ TRM cells were then identified using CD69 and CD11a co-expression. 
CD8+ TRM (both endogenous and transferred OT-I) were identified based on CD69 and CD103 co-expression.  
 
For detection of IAV-positive macrophages: Cells were first gated based on size and singularity, followed by exclusion of dead 
cells. Live cells from samples not exposed to IAV were then used to set the positive gate for IAV nucleoprotein (NP). This gate 
was then applied to samples exposed to live or irradiated IAV. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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