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Humans can be infected by zoonotic avian, pandemic and seasonal influenza A viruses (IAVs), which differ by receptor specificity and conformational stability of their envelope glycoprotein hemagglutinin (HA). It was shown that receptor specificity of the HA determines the tropism of IAVs to human airway epithelial cells, the primary target of IAVs in humans. Less is known about potential effects of the HA properties on viral attachment, infection and activation of human immune cells. To address this question, we studied the infection of total human peripheral blood mononuclear cells (PBMCs) and subpopulations of human PBMCs with well characterized recombinant IAVs differing by the HA and the neuraminidase (NA) but sharing all other viral proteins. Monocytes and all subpopulations of lymphocytes were significantly less susceptible to infection by IAVs with avian-like receptor specificity as compared to human-like IAVs, whereas plasmacytoid dendritic cells (pDCs) and myeloid dendritic cells were equally susceptible to IAVs with avian-like and human-like receptor specificity. This tropism correlated with the surface expression of 2-3-linked sialic acids (avian-type receptors) and 2-6-linked sialic acids (human-type receptors). Despite a reduced infectivity of avian-like IAVs for PBMCs, these viruses were not less efficient than human-like IAVs in terms of cell activation as judged by the induction of cellular mRNA of IFN-α, CCL5, RIG-I, and IL-6. Elevated levels of IFN-α mRNA were accompanied by elevated IFN-α protein secretion in primary human pDC. We found that high basal expression in monocytes of antiviral interferon-induced transmembrane protein 3 (IFITM3) limited viral infection in these cells. siRNA-mediated knockdown of IFITM3 in monocytes demonstrated that viral sensitivity to inhibition by IFITM3 correlated with the conformational stability of the HA. Our study provides new insights into the role of host- and strain-specific differences of HA in the interaction of IAVs with human immune cells and advances current understanding of the mechanisms of viral cell tropism, pathogenesis and markers of virulence.
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Introduction

Influenza A viruses (IAVs) are a major concern for human health and health care system. From wild aquatic birds, which are the natural reservoir, IAVs can occasionally transmit to different avian and mammalian species such as domestic birds and pigs. Circulation and adaptation in these intermediate hosts can lead to transmission to humans. Although zoonotic IAVs (e.g. H5N1 and H7N9) usually do not transmit among humans, they often cause severe and fatal diseases characterized by an aberrant immune reaction. On very rare occasions, animal viruses can adapt to humans, acquiring the ability of efficient human-to-human transmission, and initiate global pandemics in the immunologically native human population. Pandemic viruses continue to circulate and evolve in the human population causing seasonal influenza outbreaks [for recent reviews on ecology, evolution and pathogenicity of IAVs, see refs (1–5)]. Thus, humans can be infected by avian-origin zoonotic, pandemic and seasonal IAVs, which differ by their level of adaptation to human host and have distinguishable characteristics.

Particularly distinctive are properties of the viral envelope glycoprotein HA of zoonotic avian IAVs and human-adapted pandemic and seasonal IAVs (6–8). The HA is responsible for two critical functions in the viral replication cycle, attachment to sialic acid-containing receptors on host target cells and fusion between viral and endosomal membranes [for reviews, see refs (9–11)]. N-acetylneuraminic acid (Neu5Ac) is the predominant sialic acid (SA) species in birds and humans (12). IAVs can distinguish between Neu5Ac2-6Gal-terminated oligosaccharide receptors (2–6) having a relaxed “open-umbrella” like structure and Neu5Ac2-3Gal-terminated receptors (2, 3) having a closed “cone-like” structure (13). Avian IAVs preferentially bind to Neu5Ac2-3Gal-containing (“avian-type”) receptors abundantly expressed on the surface of avian intestinal epithelium, a major site of IAV replication in birds. Swine- and human-adapted IAVs preferentially bind to Neu5Ac2-6Gal-containing (“human-type”) receptors. These receptors are dominantly expressed in the human upper respiratory tract, facilitating efficient access, replication and human-to-human transmission of human IAVs by airway droplets. By contrast, the Neu5Ac2-3Gal-containing glycans are dominantly expressed in human bronchioles and alveoli. Infection of these tissues with a high viral load and under conditions of inadequate immune response can result in a severe disease but is not compatible with efficient airborne transmission of the virus (14, 15).

Following the attachment and endocytosis of IAVs, the particles are transported via the endosomal-lysosomal pathway in which they are exposed to a gradually decreasing pH. This triggers the conformational transition of the HA leading to fusion between the viral and endosomal membrane and subsequent release of viral nucleocapsids into to the cytoplasm. The conformational stability of the HA determines, on the one hand, the pH optimum of fusion (pH range in which the membrane fusion takes place) and, on the other hand, the viral resistance to inactivation by environmental factors (16, 17). Recent studies indicate that the pH optimum of membrane fusion differs among IAVs from different host species and represents, in addition to viral receptor –binding specificity, a determinant of the viral host range and cell tropism (10, 18, 19).

Many studies seek to describe differences in pattern of viral binding, replication and regulation of cytokine production upon infection of avian and human IAVs in the human respiratory tract and upon interactions of IAVs with immune cells. Current models suggest that receptor specificity is the main factor determining tropism of human IAVs to airway epithelial cells in the upper respiratory tract (trachea and bronchi), whereas avian IAVs more efficiently bind and infect non-ciliated epithelial cells, type II pneumocytes and alveolar macrophages in the lower respiratory tract (bronchioles and alveoli) (20, 21). In accord with this concept, avian viruses, such as H5N1 and H7N9, with zoonotic infection potential in humans (5, 22, 23) replicate in deeper parts of the lung. The virus-mediated disruption of epithelial barrier may lead to systemic IAV infection (24–26). In this setting, infection of endothelial cells seems to be dependent on HA stability rather than on receptor specificity (27). Although the effects of different HA on IAV interactions with epithelial cells is well studied, information on interactions with immune cells is limited. In macrophages and DCs, which represent resident cell populations in the lung, recognize IAVs and participate in the initiate immune reaction, the binding of IAVs was shown to be independent from the receptor specificity (28). Although binding of IAV to these cells was independent of the HA receptor specificity, Ramos et al. showed that alteration of the receptor specificity of the H5N1 virus was sufficient for changing the cytokine profile in the infected human monocytes and DCs, indicating different ways of recognition after viral entry to the cells. Moreover the profile of released cytokines seemed to be independent of viral replication (29). In addition, it was shown that efficient replication in these cells was mainly determined by the ability to overcome different intracellular blocking steps associated with conformational stability of HA (30–34). Given the possibility of a systemic infection by IAVs they can occasionally get access to lymphocytes. It remains to be explored whether and how receptor specificity and conformational stability of the HA can affect IAVs attachment, infection and activation of lymphocytes. A limited number of studies reported binding of IAVs to human PBMCs (35, 36). Based on studies in 1980s it was suggested that the infection of lymphocytes requires interaction with monocytes (36–39). A more recent study by Lee and colleagues reported that infection of lymphocytes may depend on viral strain and vary substantially. Within this study, the detailed mechanism for the tropism could not be solved. Also availability of sufficient primary human resident cells as well as utilization of wild type viruses makes the system even more complex (35).

We previously showed that recombinant 2:6 IAVs containing the six internal genes segments of the laboratory strain A/Puerto Rico/8/1934 (PR8) and the respective wild type HAs and NAs of the A/Vietnam/1203/2004 (H5N1), A/Hong Kong/1/1968 (H3N2), and A/Memphis/14/1996 (H1N1) strains, differed by both receptor-binding properties and conformational stability/pH optimum of membrane fusion (27, 40–42). The virus with avian-origin HA (VN) displayed a typical avian-virus-like receptor-binding specificity, binding to type 2,3-linked SA but not to 2,6-linked SA. The virus with the HA of the seasonal IAV (Mem) has a typical human-virus-like specificity and bound exclusively to human-type 2,6-linked SA. The pandemic-origin virus (HK) preferentially bound to human-type receptors, although still preserved some of the binding avidity of its avian precursor for 2,3-linked SA. As typical for the human-adapted viruses, Mem and HK had relatively high conformational stability and underwent acid-induced conformational transition at pH 4.7 and 4.9, respectively. In contrast, poultry-adapted VN was relatively unstable and displayed conformational transition at a much higher pH (5.7) (27, 40, 41).

We hypothesize that receptor specificity and conformational stability of the HA can influence infection/activation of immune cells in early time points of infection. As a result, the susceptibility of cells and/or their activation will differ between immune cell types. We tested these hypotheses using human PBMCs and a set of 2:6 recombinant viruses that differed by either receptor specificity or conformational stability.



Material and Methods


Cells

Primary human peripheral blood mononuclear cells (PBMCs) were isolated from healthy voluntary blood donors obtained from the Institute for Clinical Immunology and Transfusion Medicine, Justus-Liebig-University Giessen. Buffy coats were diluted 1:1 with PBSdef (PBS w/o Mg2+, Ca2+). After separation by density gradient centrifugation with Ficoll Histopaque (Anprotec, AC-AF-0018), PBMCs were washed twice with PBSdef to remove thrombocytes. A hypotonic lysis of erythrocytes was performed for 40 seconds using 0.2 % (w/v) NaCl. After washing, the cells were resuspended in RPMI (Pan Biotech, P04-18000) supplemented with 100 IU ml-1 penicillin, 100 µg ml-1 streptomycin (pen/strep) and 0,1 % BSA. For enrichment of monocytes, a counter flow centrifugation protocol was established as described in (43). Elutriated monocytes were cultured in RPMI supplemented with 2 mM glutamine, pen/strep, 1 % non-essential amino acids, 1 mM sodium pyruvate, 2 % human AB-serum. Madin-Darby canine kidney cells (MDCK) and Chinese hamster ovary cells (CHO) were cultured in Dulbecco’s modified eagle medium (DMEM, Pan Biotech, P04-03600) supplemented with 10 % FCS, pen/strep, 2 mM glutamine and 0.05 mM β-mercaptoethanol.



Negative Selection of PBMC Subpopulations Using MACS Separation System

Untouched subpopulations of PBMCs were isolated with MACS negative isolation kits according to manufacturer’s protocol: Miltenyi, 130-096-535 (isolation of CD3+ cells), Miltenyi, 130-091-151 (isolation of CD20+ cells), Miltenyi, 130-117-337 (isolation of CD14+ cells) and Miltenyi, 130-097-415 (isolation of CD303+ cells).



Recombinant Viruses

Recombinant influenza A viruses were generated and characterized previously (27, 40, 41). They shared six internal genes of the laboratory strain A/Puerto Rico/8/1934 (PR8) (H1N1) and contained the HA and NA genes of a seasonal human virus A/Memphis/14/1996 (H1N1) (Mem), pandemic virus A/Hong Kong/1/1968 (H3N2) (HK), zoonotic avian virus A/Vietnam/1203/2004 (H5N1) (VN) and HA mutants of HK and VN (HK-H17R, HK-R2 and VN-K58I) (see Table 1). The HA of the H5N1 viruses contained a deletion of the polybasic cleavage site introduced by mutagenesis, which allowed their use under BSL2 conditions. All viruses were propagated in MDCK cells, purified via ultracentrifugation through 20 % sucrose cushion, re-suspended in DMEM supplemented with 0.1 % BSA and stored in aliquots at -80°C. In some experiments, the viruses were buffered by addition of sodium bicarbonate (0.15 % v/v) and inactivated with beta-propiolactone (BPL, 0.05 % v/v) for 3-days incubation at 4°C.


Table 1 | Recombinant PR8-based IAVs used in this studya.





Virus Titration

Hemagglutination titers of the viruses were determined using 1% chicken red blood cells in accord with standard procedure (44). Viral infectious titers were determined using single-cycle focus formation assay in MDCK cells as described previously (42). In brief, MDCK cells in 96-well plates were infected with 0.1 ml of serial 10-fold dilutions of viruses in DMEM containing 0.1 % BSA, pen/strep and 2 mM glutamine. No trypsin was added to the medium to avoid viral multicycle replication. The cultures were incubated overnight, fixed with 4 % paraformaldehyde (PFA), and immune-stained for viral NP. Numbers of infected cells per well were counted under the microscope for the virus dilution that produced from 30 to 300 infected cells per well and recalculated into numbers of focus-forming units (FFU) per ml of the original undiluted virus suspensions.



Biotinylated IAVs

Wild type IAVs A/Memphis/14/1996 (H1N1) (Mem-H1N1) and A/Mallard/Alberta/119/1998 (H1N1) (Mal-H1N1) were provided by Robert Webster, St. Jude Children’s Research Hospital, Memphis, TN, USA. The viruses were amplified in MDCK cells, pelleted by ultracentrifugation through 20 % sucrose cushion, and the pellets were re-suspended in PBSdef. The viruses were labelled with EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific, No. 21335) in accord with the manufacturer’s instructions. In brief, we added 30 μl of the 10-mM solution of the biotinylation reagent to 1 ml of the suspension in PBSdef containing 5 mg of the total viral protein and incubated the mixture overnight at 4°C. The labelled virus was purified from the non-conjugated reagent by pelleting through 20 % sucrose. Pelleted virus was re-suspended in 2.5 ml of PBSdef containing 0.1 % BSA and was stored in aliquots at -80°C.



Infection of PBMCs

Infection of primary human PBMCs, isolated subpopulations of PBMCs and PBMCs-derived macrophages were carried out at a cell density of 5 x 106 cells/ml in RPMI supplemented with 0. 1% BSA, 1 % glutamine and pen/strep using individual Teflon vials with rounded interior (Savillex, 200-015-20). Recombinant influenza viruses were added at multiplicity of infection (MOI) 3, 0.3 and 0.03 FFU/cell. hIL-3 (Peprotech, #200-03-100UG) was added in a final concentration of 10 ng/ml. Infected cells were incubated for 6-8 h at 37°C, 5 % CO2. In these experiments, we studied the ability of the viruses to enter the cells and to initiate synthesis of viral proteins as measured by the detection of NP production via flow cytometry.



Flow Cytometry

The cells in Teflon vials were incubated in an ice-cold water bath for 15 min, re-suspended by pipetting and fixed in 2 % PFA for 20 min at room temperature (RT). Fixed cells were washed twice by pelleting at 540 x g for 3 min and re-suspended in FACS buffer (3 % FCS, 2 mM EDTA, 0.01 % sodium azide in PBSdef). The cells were permeabilized by incubation for 30 min at RT in saponin buffer (0.5 % saponin, 3 % FCS, 2 mM EDTA, 0.01 % sodium azide in PBSdef) and washed twice with FACS buffer. Infected cells were detected by immune-staining with monoclonal antibody against viral NP protein (Abcam, ab43821) and Alexa633-labelled anti-rabbit antibodies (Invitrogen, A21052). Cell type specific surface markers were immune-stained using the following fluorescently-labelled antibodies according to manufacturer’s protocols: anti-CD3-FITC (BD Pharmingen, 555332), anti-CD4-FITC (BD Pharmingen, 555346), anti-CD8-PE (BD Bioscience, 340046), anti-CD20-FITC (Miltenyi Biotec, 130-111-337), anti-CD56-FITC (BioLegend, 318303), anti-CD14-PE (BD Pharmingen, 555399), anti-CD303-FITC (Miltenyi Biotec, 130-113-192), anti-CD1c-FITC (Miltenyi Biotec, 120-000-888). All incubations with antibodies were performed for 45 min at 4°C. Flow cytometric analysis was done using BD FACSCalibur with Cell Quest Pro V5.2 for collection and FlowJo v10.0 for analyzing of the data.



Sialic Acid Expression

Cell surface expression of sialic acids was studied using biotinylated plant lectins and biotinylated influenza viruses, which preferentially bound to either Neu5Ac2-3Gal or Neu5Ac2-6Gal motifs. MDCK and CHO cells were detached by 1 x trypsin solution containing 0,02 % EDTA in PBSdef and kept on ice. PBMCs were prepared as described above. Cells were counted, diluted to 1 x 106 cells per FACS tube, and washed once with PBSdef. For staining with plant lectins, the cells were incubated for 1 h at room temperature with biotinylated Sambucus nigra lectin (SNA) (Vector Labs, B-1305, final concentration 0,4 µg/ml) or Maackia amurensis lectin (MAL I) (Vector Labs, M-1315, final concentration 1 µg/ml) and washed twice with the lectin buffer (0.01 mM MnCl2, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.1 % BSA in PBSdef). For staining with IAVs, biotinylated viruses Mem-H1N1 (final concentration of 200 µg/ml) and Mal-H1N1 (final concentration of 10 µg/ml) were incubated with the cells for 1 h at 4°C and washed twice with the FACS buffer. The cells were fixed in 2% PFA for 20 min at RT, washed twice again with either lectin buffer or FACS buffer and incubated with APC-labelled streptavidin diluted 1:2000 in lectin buffer for 40 min at 4°C. In the case of PBMCs, the staining for cell type specific surface markers was performed prior to lectin and virus binding as described earlier. Finally, 20000 events per sample were acquired by flow cytometry (FACSCalibur) with Cell Quest Pro V5.2 for data collection. The mean fluorescence intensity (MFI) was calculated for each sample using FlowJo v10.0.



Assessment of the Effect of Extracellular pH on IAV Infectivity

MDCK cells were seeded in DMEM (Pan Biotech, P04-03600) supplemented with 10 % FCS, pen/strep, 2 mM glutamine and 0.05 mM β-mercaptoethanol in 48well-plates. On the next day, cells were washed twice with PBS containing Mg2+, Ca2+ (Pan Biotech, P04-35500), followed by addition of RPMI supplemented with pen/strep, 0.1 % BSA and adjusted to the indicated pH values (between 8.0 and 5.0) with either HCl or NaOH. After 8 hours, flow cytometry was used to determine the intracellular expression of viral NP. The same procedure was adapted for PBMC, which were isolated and counted as described above.



Western Blotting

To obtain protein lysates of individual cell subpopulations, 17 x 106 PBMCs were stained for specific surface markers as described above and subjected to cell sorting (BD FACS Aria III, Core facility flow cytometry). At least 1 x 105 cells were sorted and lysed in 10 µl PBSdef supplemented with 0.1% Triton-X-100, 5 mM EDTA, and HALT-protease inhibitor cocktail (ThermoScientidic, #1862209) for 40 min at 4 °C. Nuclei were pelleted at 14.000 x g for 10 min. The supernatant was transferred to a new tube and supplemented with sample dye buffer containing SDS and β-mercaptoethanol before heating for 5 min at 95°C. The material was separated using precast 4-20% SDS-PAGE gels (Abcam, ab119205) with Run Blue running buffer (Abcam, ab119197) followed by blotting on nitrocellulose membrane (Ge Healthcare, 10600017) by semi dry-blotting according to the manufacturer’s instructions. IFITM3 and actin were detected by using rabbit anti-IFITM3 (Abcam, 15592) and mouse monoclonal anti-actin (Sigma, A2228-100UL), peroxidase coupled secondary antibodies anti-rabbit (Jackson Immuno Research, 111-035-045), anti-mouse (Jackson Immuno Research, 115-035-062) and Femto chemiluminescence peroxidase substrate (ThermoScientific, 34094). The immune-stained blots were analyzed using a ChemiDoc reader with ImageLab software (5.2) (BioRad).



siRNA Transfection

Elutriated monocytes were treated following the instruction manual of Amaxa human monocyte nucleofector kit (Lonza, VPA-1007). In brief, elutriated monocytes were washed once with 0.1 % BSA in PBSdef and resuspended at 8 x 106 cells/100 µl in supplemented nucleofector solution. 100 pmol of unspecific control scRNA (Ambion Life technologies, 4390843) or siRNA specific for IFITM3 (Ambion Life technologies, s195035) were used for electroporation. After incubation for 2 days in RPMI (Pan Biotech, P04-18000) supplemented with 20 ng/ml human recombinant GM-CSF (PeproTech, 300-03-5UG) at 37°C, cells were washed with PBSdef and infected with recombinant IAVs according to the infection protocol described above.



Detection of Cytokines in Human pDCs

Human IFN-α and interleukin 6 (IL-6) were quantified by ELISA 24 hours after infection. The following antibodies were used: capture: rat anti-human IL-6 (Pharmingen, 554543) or anti-human IFN-α coating antibody (Bender, 2010-10), detection: biotin rat anti-human IL-6 (Pharmingen, 554546) followed by streptavidin-POD conjugate (Roche, 11089153001) or anti-human-IFN-α HRP-conjugate (eBioscience, BM216MSTK). As standards, recombinant human IL-6 (Peprotech, 200-06) or human IFN-α (Peprotech, 300-02A) were used. HRP-substrate solution contained 1 mg/ml OPD (Sigma, P7288) and 0.03% hydrogen peroxide in substrate buffer (38 mM citric acid, 66 mM disodium hydrogen phosphate). Synthetic DNA oligonucleotide with a CpG motive (CpG 2216) (TIB Molbiol) was used as control for TLR activation. Absorbance values were detected with EMax-plate photometer (Molecular Devices) with SoftMaxPro V5-Sofware.



RNA Isolation and qRT-PCR

Total cellular RNA from 5x105 human PBMCs was isolated using Extrazol (Blirt S.A.,EM30-100) according to the manufacturer’s protocol. The quality of RNA was assayed using Nano Drop spectrophotometer, and cDNA was synthesized from 500 ng RNA using QuantiTect® Reverse Transcription Kit (Qiagen, 205310). qRT-PCR was performed with a BioRads MJMini-Cycler using PowerUP SYBR Green Master Mix (Appliedbiosystems, A25741) and specific primers [Qantitect Primer Assay (Qiagen, 249900)] for the following target genes RPS11 (QT00061510), IFN-α (QT00201964), IFN-β (QT00203763), IL-6 (QT00083720), CCL5 (QT00090083) and RIG-I (DDX58(QT00040509). PCR temperature profile was 95°C for 5 min, followed by 45 cycles of 94°C for 5 sec, 55°C for 30 sec and 72°C for 20 sec. The final extension was done at 72°C for 5 min, followed by melting curve from 60°C to 95°C with increments of 0.5°C every 10 sec. All the reactions were performed in duplicates. Cytokine expression was normalized to the endogenous housekeeping control RNA RPS11 and calculated according 2–ΔΔCt method. The normalized relative expression was calculated as the percentage of HK virus values for each donor.



Statistics

Statistical analyses were performed using GraphPad Prism 9.0. If not indicated otherwise, the figures show data from at least three individual biological replicates. The bars or horizontal lines indicate the group means. As degree of dispersion, the standard deviation was calculated and presented as length of error bar. If not stated in the individual figures, the one-way ANOVA followed by Dunnett’s or Turkey’s multiple comparison tests were used to compare multiple groups. Asterisks depict p values as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.




Results


Recombinant Viruses

To characterize how receptor specificity and membrane fusion activity of the HA affects tropism of IAVs to human immune cells and response of the cells to IAV infection we used a panel of three 2:6 recombinant IAVs that shared six gene segments of PR8 and that contained the HAs of A/Vietnam/1203/2004 (H5N1), A/Hong Kong/1/1968 (H3N2), and A/Memphis/14/1996 (H1N1), as representative HAs of zoonotic avian, pandemic and seasonal IAVs infecting humans, respectively. The previous characterization of these viruses is summarized in Table 1 (27, 40–42). Moreover, to separately study effects of receptor-binding specificity and conformational stability of IAVs and to exclude potential effects of the non-homologous NAs, we used three IAVs containing point mutations in the functional regions of the HA responsible for either receptor specificity (HK-R2) or stability (HK-H17R and VN-K58I) (27, 40–42, 45, 46). All viral stocks showed comparable characteristics such as virus titers in focus-formation and hemagglutination assays as well as M1 protein content (Figure 1).




Figure 1 | Characterization of virus stocks. (A) Viral titers in focus-forming units (FFU) per ml were determined using focus-formation assay in MDCK cells. Mean data of 3 independent experiments, each performed in triplicates are shown. (B) Hemagglutination titers with chicken red blood cells of viral suspensions diluted to viral infectious titers 1x107 FFU/ml. Mean HAU of 5 independent experiments are shown. P values were determined by ANOVA followed by Turkey’s multiple comparison test and shown if significant. (C) Exemplary western blot for IAV M1 protein using samples containing 2x106, 1x106 and 0.5x106 FFU of the indicated viruses. (D) Quantification of viral M1 protein after Western blotting. Band intensity of the M1 protein was normalized to HK in each dilution. Mean data of 3 independent western blots are shown. Significance determined by ANOVA followed by Dunnett’s multiple comparison test compared to HK within each FFU of virus. P values shown if significant.





Receptor Specificity Affects IAV Infection in PBMCs

First, we compared HK and its point mutants differing by receptor specificity (HK-R2) and conformational stability (HK-H17R) for their infectivity for human immune cells. In a single infection cycle approach primary human PBMCs were inoculated at three different MOI (based on viral infectious titers determined in MDCK cells), and infected cells were identified by their intracellular expression of NP protein using flow cytometry (Figure 2A). Cells inoculated with BPL-inactivated viruses were used as mock-infected control. HK and HK-H17R infected PBMCs at similar levels, whereas HK-R2 was significantly less infectious than HK at MOI 3 and 0.3 (Figure 2A). In contrast to PBMCs, MDCK cells, which are readily susceptible to both human and avian viruses, were equally well infected by all 3 viruses (Figure 2B). To confirm observed reduced infection of PBMCs by IAVs with avian-type receptor specificity we infected PBMCs with 3 additional viruses, Mem, VN and a fusion mutant of VN (VN-K58I). Indeed, the infection levels of PBMCs with VN (avian-type receptor specificity) were significantly lower when compared to Mem and HK (human-type receptor specificity) (Figure 3). Again, the differences in HA conformational stability (VN versus VN-K58I and HK versus HK-H17R) did not result in significant differences in infection.




Figure 2 | Infection of PBMCs with HK and its HA variants HK-H17R and HK-R2. (A) Human PBMCs and (B) MDCK cells were incubated with IAVs at MOIs of 3, 0.3 and 0.03 for 8 hours. FACS analysis was used to determine the percentage of NP positive cells. Uninfected cells (MOCK) and cells inoculated with BPL-inactivated viruses at the dose corresponding to MOI 3 were used as controls. The mean of NP-positive cells ± SD are shown for at least 4 independent donors. Significance determined by ANOVA followed by Dunnett’s multiple comparison test compared to HK. P values shown if significant. *p < 0.05, ****p < 0.0001.






Figure 3 | Infection of PBMCs with IAV differing in HA. Primary human PBMCs were infected with 3 MOI of the seasonal human (Mem), pandemic human (HK, HK-H17R) and avian viruses (VN, VN-K58I, HK-R2) for 8 hours. FACS analysis was used to determine the percentage of NP positive cells. The mean of NP-positive cells ± SD are shown for at least 3 independent donors. Significance determined by ANOVA followed by Turkey’s multiple comparison test. P values shown if significant *p < 0.05, **p < 0.01, ****p < 0.0001.



Further characterizing the role of receptor specificity and conformational stability in infection of specific immune cells within the PBMC mixture, we double-stained inoculated cells for virus infection and cellular surface markers (Table 2). In general, monocytes, myeloid (mDCs) and plasmacytoid dendritic cells (pDC) were efficiently infected (80 to 90 %) with HK, HK-H17R, and HK-R2, whereas infection levels in lymphocytes and NK cells were below 40 % (Figure 4A). Notably, the patterns of infection varied depending on both cell type and the virus strain. Thus, lymphocytes (CD4+ and CD8+ T cells and CD20+ B cells) and NK cells (CD56+) were almost completely resistant to HK-R2, whereas HK and HK-H17R infected these cells at a level of 20 to 40 % (MOI 3) with HK-H17R showing a higher infection rate than HK in CD4+ T cells and NK cells. (Figure 4A). In contrast, CD14+ monocytes were infected by HK, HK-R2 and HK-H17R with 90 % efficiency (MOI 3). However, at MOI 0.03 infection rate by HK-H17R was higher when compared to HK and HK-R2 (Figure 4B). For CD1c+ mDCs an equal infectivity of all 3 viruses was observed, whereas CD303+ pDCs cells were differentially infected (HK-H17R > HK > HK-R2) at 3 MOIs used (Figure 4A). Even though not statistically significant, the infection pattern of CD1c+ mDCs and CD303+ pDCs remains constant in infection with 0.03 MOI (Figure 4B).


Table 2 | Cell type specific surface marker for human PBMC subpopulation.






Figure 4 | Influence of receptor specificity and conformational stability on the infection pattern in subpopulations of human PBMCs. (A, B) Human PBMCs or (C) MACS-isolated subpopulations were incubated for 8 hours with indicated viruses at MOI 3 (A, C) or MOI 0.03 (B). Flow cytometric analysis was used to determine the intracellular expression of viral NP and the expression of cell type specific CD-molecules (CD4+, T helper cells; CD8+, cytotoxic T cells; CD20+, B cells; CD56+, NK cells; CD14+, monocytes; CD303+, plasmacytoid dendritic cells; CD1c+, myeloid dendritic cells). The mean values of NP-positive cells ± SD are shown for at least 3 independent donors. Significance determined by ANOVA followed by Dunnett’s multiple comparison test compared to HK. P values shown if significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Mean ± SD [%] of CD-marker positive cells of each subpopulation of PBMCs after 8 hours of infection. Data from at least 3 independent donors are shown.



To assess susceptibility to viruses of individual cell types in the absence of other types of cells present in PBMCs we studied cell subpopulations purified by MACS before infection. We decided to isolate both T-cell subpopulations CD4+ and CD8+ as well as CD20+ B-cells and CD14+ monocytes, since interaction of these cells was hypothesized earlier to be relevant for infection (37, 38) (also see Discussion). Isolation of CD303+ pDCs was omitted due to technical limitation in purifying sufficient amounts of cells for infection studies. Although the rates of infection by all viruses were markedly reduced, the pattern of infection of the isolated immune cell types agreed with their pattern of infection within the PBMC mixture (Figure 4C). Interestingly, no infection in CD20+ B-cells with HK-R2 could be detected, while the infection rate of IAVs with the human receptor specificity was still detectable at rates between 27 % (HK) and 21 % (HK-H17R). In summary, IAV infection of lymphocytes and NK cells strongly depended on HA receptor specificity, the avian-type virus being markedly less infectious for these cells than human-type viruses. In contrast, infection of monocytes and pDCs correlated with conformational stability of the viral HA, the virus fusing at a higher pH being more infectious.



Expression of Sialic Acids and Binding of the Viruses to Cells

To test whether observed differences in susceptibility of different types of cells to IAV infection correlate with the cell type-specific variation in the expression of sialic acid receptors, we determined expression of SA2-3Gal- and SA2-6Gal-containing glycans using biotinylated SA-binding proteins and fluorescently labelled streptavidin. Plant lectin Sambucus nigra agglutinin (SNA) and seasonal human IAVs Mem-H1N1 were used to detect 2-6 SA; Maackia amurensis lectin (MAL-1) and avian IAV Mal-H1N1 were employed for the specific detection of 2-3 SA (Figure 5). MDCK and CHO served as controls and as shown previously, MDCK cells express both types of SA-Gal linkages (47, 48), whereas CHO cells only express SA2-3Gal (49, 50). However, based on lectin binding (Figure 5A), CD14+ monocytes, CD303+ pDCs, CD1c+ mDCs and CD56+ NK cells expressed both 2-6- and 2-3-linked SA. The expression of 2-3-linked SA on CD1c+ mDCs and CD56+ NK cells was more pronounced compared to CD14+ monocytes and CD303+ pDCs. In contrast, the CD3+ lymphocytes and CD20+ B cells expressed the highest levels of 2-6-linked SA, but the expression of 2-3-linked SA on these cells was close to the detection limit of the assay. Of note, the pattern of the binding of biotinylated IAVs (Figure 5B) did not fully correlate with the binding of the corresponding lectins (Figure 5A). Virus binding reflected SA expression of 2-3 SA on CHO cells as well as the more pronounced abundance of the 2-6 SA on CD3+ and CD20+ cells. Similarly to CHO, the expression of both SA variants on PBMCs, CD1c+, CD56+ and MDCK cells was recapitulated by virus binding. However, the pattern of SA expression on CD14+ and CD303+ cell subpopulations detected by lectins did not correlate with the pattern of the virus binding. This apparent discrepancy can be related to the differences in the binding specificity of the plant lectins and IAV HA, in particular, to the ability of the sialic acid binding plant and viral proteins to recognize oligosaccharide parts of the sialoglycans penultimate to the terminal SA-Gal moieties (51–53). Furthermore, efficient binding of both viruses by monocytes and pDCs may be explained by sialic-independent binding mechanisms (see Discussion). In summary, innate immune cells express both 2-6- and 2-3-linked SA, whereas lymphocytes mainly express 2-6-linked SA, this pattern correlates with relatively inefficient binding of the avian virus to lymphocytes.




Figure 5 | Binding of biotinylated lectins and viruses to human PBMCs. The MDCK and CHO cells and PBMCs were incubated for 1 hour with (A) biotinylated Sambucus nigra lectin (SNA, final concentration 0.4 µg/ml) or biotinylated Maackia amurensis lectin 1 (MAL-1, final concentration 1 µg/ml) at room temperature or (B) with biotinylated IAVs Mem-H1N1(final concentration 200 µg/ml) or Mal-H1N1 (final concentration 10 µg/ml) at 4 °C. Lectin or virus binding was detected as mean fluorescence intensity (MFI) after staining with streptavidin–APC. Cells were then fixed and stained for subpopulation as described in Material and Methods and subjected to flow cytometric analysis. Data of one representative donor are shown.





Effect of Extracellular pH on IAV Infectivity for PBMCs

IAVs enter the human body via oral and nasal cavities and replicate in the human respiratory tract. The pH of the human respiratory tract can vary from pH 6.3 in the nasal cavity to pH 7.5 in the lung (16). In line with this, it was speculated that the interplay between HA conformational stability and extracellular pH in the host target tissues can affect infectivity of IAVs (54) and act as a selection mechanism (55). Therefore, we tested whether infectivity of IAVs for PBMCs is affected by changes in extracellular pH. PBMCs and MDCK cells were transferred and incubated in the RPMI-based infection medium adjusted to pH in the range from 8.0 to 5.0. Infection with IAVs HK, HK-R2, and HK-H17R was performed for 8 h (Figure 6). The infection efficiency in MDCK with all 3 viruses remained constant at 80 % in a pH range from 8.0 to 6.0 and decreased to 60 % at pH 5.5 (Figure 6A). At pH 5.0 HK and HK-R2 showed a similar infection rate of 25 %, while the infectivity of HK-H17R with the less stable HA dropped to 4 % due to irreversible pH-triggered conformational transition and inactivation of the HA molecule (Figure 6A). We did not determine whether direct fusion of the viruses with plasma membranes of the cells contributed to viral infection under these conditions. Somewhat different patterns of IAV infection was observed under the same conditions in PBMCs (Figure 6B). HK-R2 showed generally reduced infection rate compared to the HK and HK-H17R. The infectivity of all three viruses peaked at pH between 7 and 6 and decreased above pH 7 and below pH 6. We concluded that the differences in HA conformational stability of the IAVs studied have no effect on the pattern of their infectivity for PBMCs at different extracellular pH.




Figure 6 | Effect of extracellular pH on infection in (A) MDCK cells and (B) human PBMCs. The MDCK cells and PBMCs were incubated with IAVs at MOI 3 and 0.3, respectively, at different pH for 8 hours. Flow cytometric analysis was used to determine the intracellular expression of viral NP. The mean of NP positive cells ± SD are shown for 3 independent donors and MDCK infections. Significance determined by ANOVA followed by Dunnett’s multiple comparison test compared to HK. P values shown if significant *p < 0.05, **p < 0.01.





IFITM3 Is a Major Restriction Factor for IAVs With High Conformational Stability in Human Primary Macrophages

In previous studies we found that sensitivity of IAVs to the antiviral protein IFITM3 (interferon induced transmembrane protein 3) was dependent on the stability of the HA and that this effect contributed to differences in viral cell tropism especially in primary human microvascular endothelial cells (27, 40). As IFITM3 expression in various human immune cells has not been studied in detail, we analyzed the basal expression and distribution of IFITM3 in total human PBMCs and PBMC-derived immune cell subtypes. Western blot analysis of PBMCs and sorted subpopulations demonstrated various levels of IFITM3 expression (Figures 7A, B). The CD14+ monocytes represented that major source of IFITM3 in PBMCs, the T-lymphocytes and NK cells expressed much smaller amounts compared to monocytes, whereas CD20+ B cells showed from very weak to undetectable IFITM3 expression (Figures 7A, B). Since the results demonstrated differences between the lymphoid and myeloid compartment in respect to IFITM3 expression, we characterized additional subpopulations such as CD1c+ mDCs and pDCs (CD303+). Interestingly, IFITM3 could be readily detected in CD1c+ DCs but was expressed much weaker in CD303+ pDCs (Figure 7C). To further investigate the role of IFITM3 in viral restriction and IFITM3 interplay with HA stability, we isolated CD14+ monocytes, performed siRNA mediated knock down of IFITM3 and infected these cells with HK, HK-R2, and HK-H17R. IFITM3 expression was reduced by at least 50 % in monocytes after specific siRNA treatment (Figures 8A, B). A scrambled siRNA had no effect on IFITM3 expression when compared to MOCK-treated cells (Figures 8A, B). In scrambled siRNA-treated monocytes HK and HK-R2 were stronger restricted when compared to HK-H17R (Figure 8C). In contrast, monocytes treated with an IFITM3-specific siRNA showed a loss of viral restriction, since HK and HK-R2 showed higher infection rates and reached the infectivity of HK-H17R (Figure 8C). To quantify differences in the infection rate of all three viruses, we calculated percentages of infected cells in siRNA-treated monocytes with respect to infected scRNA-treated monocytes from four donors and normalized the results to the HK-H17R-mutant (Figure 8D). Viruses with the conformationally stable HA (HK and HK-R2) showed about twofold reduction of infectivity in mock-treated cells, while less stable HK-H17R showed no differences in infectivity. Collectively, these results indicate that monocytes and CD1c+ mDC cells express markedly higher levels of endogenous IFITM3 than any other cells subpopulation present in PBMCs. Furthermore, we confirm and extend the previous observations (27, 40) that viruses with conformationally stable HA are more effectively restricted by IFITM3 than viruses with less stable HA.




Figure 7 | Detection of IFITM3 expression in PBMC subpopulations. (A) Western blot for IFITM3 (upper part) and actin (lower part) using 200.000 cells/lane of either total PBMCs or sorted subpopulations of PBMCs (representative data for the cells from one donor). (B) Quantification of three WB from independent donors for basal IFITM3 expression in PBMCs and subpopulations as in (A). Intensity values of western blot analysis were normalized to non-fractionated PBMCs value and expressed as mean [%] ± SD. Significance determined by ANOVA followed by Newmann-Keuls multiple comparison test. P values shown if significant *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Western blot analysis of IFITM3 in myeloid cells isolated by FACS. 100.000 cells/lane of monocytes (CD14+), mDCs (CD1c+) of two individual donors and a pooled lysate of pDCs (CD303+) from these donors were used for detection of IFITM3 (upper panel) and actin (lower panel).






Figure 8 | Assessment of IAV infection in primary human macrophages after siRNA-mediated IFITM3 knock down. (A) Representative western blot for IFITM3 (upper part) and actin (lower part) using elutriated, GM-CSF differentiated macrophages mock-treated or treated with scrambled or IFITM3-specific siRNA. (B) Quantification of IFITM3 knock down normalized to MOCK using 4 independent experiments. Significance determined by ANOVA followed by Dunnett’s multiple comparison test. P values shown if significant **p< 0.01. (C) Detection of intracellular NP by FACS 8 hours post infection in scRNA or specific IFITM3 siRNA treated primary human macrophages infected with the indicated viruses at MOI 0.3. (D) Fold differences in virus infected cells (NP+) normalized to the scRNA-sample using cells from 4 different donors. Significance determined by ANOVA followed by Dunnett’s multiple comparison test. P values shown if significant ***p < 0.001.





Antiviral Response to Human and Avian-Like Viruses

To analyze the early innate immune response of immune cells infected with HK, HK-H17R, and HK-R2 mutant, we utilized RT-PCR in infected PBMCs for the detection of cytokines (e.g. CCL5, IFN-α, IL-6) and the RNA sensor DDXH58 (RIG-I). In addition, release of IFN-α and IL-6 from pDCs incubated with HK, HK-H17R, HK-R2, VN and Mem was analyzed by ELISA. The infection of human PBMCs with the avian-like receptor mutant HK-R2 was accompanied by the strongest induction of all cytokines tested. mRNA levels of all tested cytokines and the RNA sensors were increased 1.5-fold (IL6), 2-fold (IFN-α, CCL5) and 2.1-fold (RIG-I) (Figure 9A). No differences in the expression of levels of IFN-α and CCL5 could be observed in cells incubated with HK and its fusion mutant HK-H17R. However, the induction of RIG-I and IL-6 were significantly less induced by HK-17R as compared to HK (Figure 9A). pDCs that were inoculated with IAVs carrying HA with specificity for 2-3-linked SA (HK-R2, VN) demonstrated the strongest IFN-α and IL-6 production (Figures 9B, C). In contrast, the virus with a strict preference for 2-6-linked SA and no binding to 2-3-linked SA (Mem) induced almost no cytokines. In agreement with this pattern, HK and HK-H17R which combined a strong binding to 2-6-linked SA with a weak binding to 2-3-linked SA induced intermediate levels of IFN-α and IL-6. In contrast to observed effects of the receptor specificity, the differences in HA conformational stability did not affect induction of cytokines in human pDCs (compare HK and HK-H17R, Figures 9B, C). Together, our results of mRNA induction and cytokine release indicate that the IFN-α and IL-6 response in human immune cells is dependent on the receptor specificity of the IAV. Thus, IAVs with an avian-virus-like specificity for 2-3-linked SA upregulate multiple cytokines and sensors of viral infections more efficiently than human viruses with 2-6-linked SA binding counterpart.




Figure 9 | Regulation of cytokines in primary human PBMCs during infection with HK and its HA variants. (A) mRNA expression of cytokines (IFN-α, CCL5, IL-6) and nucleic acid sensor (RIG-I) of PBMCs inoculated at MOI 3 with HK and its HA variants HK-H17R and HK-R2 measured 6 hours p.i. using RT-PCR. Mean expression values +SD of four donors in duplicates are shown. Raw data of cytokines were normalized to the expression of the housekeeping gene RPS11 and related to HK infected samples. Significance determined by ANOVA followed by Turkey’s multiple comparison test. P values shown if significant *p < 0.05, **p < 0.01, ***p < 0.001. (B, C) MACS-isolated pDCs were either inoculated with recombinant IAVs at MOI 1 or stimulated with synthetic TLR-ligand ODN 2216 for 24 hours. Concentrations of (B) IFN-α or (C) IL-6 in the cell supernatants were determined by ELISA and depicted as mean amount of cytokine [ng/ml] +SD of two donors in duplicates.






Discussion

IAVs infecting humans can differ by receptor binding specificity and conformational stability of their surface glycoprotein HA. Both HA characteristics were shown to affect viral tropism to epithelial cells (27, 56–58). Less is known about the infection and activation of non-epithelial cells. Many studies focus on strain-dependent differences between IAVs in their replication and activation of myeloid murine and human cells [for review see (30–34)]. However, these studies typically employed wild type IAVs and could not dissect the role in the tropism of individual viral genes and/or characteristics of individual viral proteins. Li et al. demonstrated that the internal genes of highly pathogenic H5N1 IAVs, independently of their surface glycoproteins, allowed efficient viral replication in myeloid cells, thus triggering extensive cytokine production and immunopathology in mice (59). To extend these findings and to characterize further how HA properties shape viral infection and immune cell tropism in early steps of IAVs replication cycle, we used 2:6 recombinant IAVs. These IAVs shared 6 internal gene segments of the laboratory strain PR8 and differed only by the HA and NA molecules, which originated from human pandemic (H3N2), zoonotic (H5N1) and seasonal (H1N1) viruses. In our experiments, we focused on the ability of viruses to enter the cells and to initiate synthesis of viral proteins as measured by the detection of the NP protein production. No efforts were undertaken to analyze production of complete viral particles, proteolytic activation, HA activation by cellular proteases, and release of infectious viruses from PBMCs and their subsets. These aspects of the interaction of the IAVs used with innate immune cells will need further studies.

To analyze how receptor specificity influences the tropism of IAVs to human immune cells we first investigated the infection of human PBMCs. We found that all viruses, including point HA mutants with binding specificity for 2-3-linked SA (avian-type receptor), showed significantly lower infectivity for PBMCs when compared to viruses with the human-type 2-6-linked SA receptor specificity (Figure 3). Co-staining of different immune cell subtypes in human PBMCs showed that the reduced infection of total PBMCs by avian-type HK-R2 was caused by reduced infection of natural killer (CD56+) cells and almost complete resistance of lymphocytes (CD4+ T cells, CD8+, T cells, CD20+ B cells). In contrast to lymphocytes and NK cells, no correlation was observed between infection rates and viral receptor specificity in classical monocytes (CD14+), and mDCs (CD1c+) and pDCs (CD303+) (Figures 4A, B). Infections with MACS-isolated subpopulations show reduced infection of lymphocytes (Figure 4C). The resistance of lymphocytes to IAV infection correlated with lack of SA moieties determined using SA-specific plant lectins and with poor binding of labelled IAVs (Figures 5A, B). Interestingly, in monocytes, pDCs and mDCs no correlation between SA expression and virus binding was observed (Figure 5). Specialized receptors on macrophages and DCs, the C-type lectin receptors (CLRs), can bind to N-glycans on the HA and NA of IAVs thereby mediating SA-independent viral attachment and cell entry [for a review, see (60, 61)]. We assume that this mechanism can be primarily responsible for the lack of correlation between binding of lectins and IAVs to monocytes and DCs.

Our results indicate that changes in the receptor specificity of the IAVs are sufficient to alter the profile of virus-induced cytokine response of PBMCs by enhancing expression of IFN-α, IL-6, RIG-I, and CCL5 on mRNA levels (Figure 9A) and elevation of the levels of secreted IFN-α in human pDCs (Figure 9B). The chemokine CCL5 (RANTES) is mainly produced in lymphocytes and facilitates further recruitment of lymphocytes to the side of infection by increasing adhesion of leukocytes to the endothelium (62). The interferon response gene RIG-I, a main sensor for viral RNA (63), and the proinflammatory cytokine IL-6, secreted by monocytes, trigger the synthesis of acute phase proteins in the liver and leading to B cell proliferation (64). Infections caused in humans by highly pathogenic avian IAVs such as H5N1 are long known to be associated with elevated levels of cytokines (6, 65–67). Our findings extend results reported by Ramos et al. that differences in binding specificity of recombinant H5N1 virus alter the cytokine release of human DCs (29). Using isolates of pandemic H1N1 and avian H7 and H5 viruses, Lee et al. showed differences in viral binding to several PBMC subpopulations (35). Extending these observations we demonstrate that susceptibility of isolated B- and T cells to IAVs depends on the receptor binding specificity of the HA. Our results also indicate that the presence of monocytes enhance susceptibility of these cells most possibly by direct cell-to-cell interaction since infection of viruses in isolated subpopulations followed the same pattern as in the PBMC mixture, but the infection rates were strongly reduced (Figures 4A, C). These findings are in line with the report of Mock and colleagues, which indicated that direct interaction with monocytes and/or macrophages is required for the efficient infection of lymphocytes (37). In a more recent study the authors showed that the susceptibility of human isolated B cells to H5N1 viruses was dependent on direct cell-to-cell contact of B cells and monocytes (68). Our results support and extend these data by demonstrating that direct interaction seems to be of high importance for infection of B cells with avian IAVs that bind to 2-3-linked SA but may play a minor role in infection of these cells by human IAVs, which preferentially bind to 2-6-linked SA (Figure 4C, CD20+ column). The significance of infected lymphocytes in the establishment of viral infection in the host, immune response and pathogenicity of IAVs is currently under discussion, and further studies in the field are needed. Infection of lymphocytes by H7N9 and H5N1 was reported not to cause cell death, whereas monocytes were found to undergo rapid apoptosis (35). In contrast, Nichols et al. reported that lymphocytes in general undergo apoptosis after exposure to H1N1 viruses, with cytotoxic T cells being more affected than T helper cells (69). Recently by analyzing viral replication and particle production Castro and colleagues reported direct infection of human CD8+ T cells and B cells in tonsils of children and their role in host-to-host transmission in asymptomatic long-term infections (70). By using single point mutants that specifically affect the HA stability without effects on receptor-binding properties we found that destabilization of the HA molecule leads to slightly increased infection of human PBMCs (Figure 2A).

Consistent with the hypothesis that HA conformational stability can affect the timing of the endosomal fusion and may influence cytokine release in PBMCs, we found that destabilization of HA leads to reduced levels of mRNA for RIG-I and IL6. IFITM3 is a broadly-acting antiviral molecule (71) with known anti-influenza activity (72, 73) and therefore may shape the cytokine expression profile. We found that human lymphoid cells express very low levels of IFITM3, whereas myeloid cells namely, monocytes, mDCs and pDCs are the main producing cells for IFITM3 (Figure 7). In experiments with human monocytes, we demonstrated that IFITM3 expression affected susceptibility of cells to IAVs with conformationally stable HA molecules and that the impairment of infection in monocytes by IAVs with stable HA could be overcome by siRNA knock down of IFITM3 in these cells (Figure 8). The exact mechanism behind the IFITM3-mediated impairment of the pore formation and cell entry of vRNPs of IAVs is still not understood. It was suggested that IFITM3 is recruited to the early endosome and integrated in the endosomal membrane in a cluster-dependent manner (74). Detailed mechanisms that determine susceptibility or resistance to IFITM3 of the viruses that use the endosomal trafficking compartment for cell entry are not completely understood (71, 74, 75). Sun et al. reported that human endothelial cells express IFITM3 in steady state conditions and this shapes the infection with human and avian IAVs. The authors speculated that some IAV strains overcome the first antiviral block by early escape of the endosomal compartment or other unknown mechanisms (76). Gerlach et al. demonstrated that the pH optimum of fusion of the IAVs HA molecule determines the susceptibility of IAVs to IFITM3 (40). Hensen et al. extended these findings by testing the HA mutants of the H5N1 IAVs differing by pH optimum of fusion (27). Of note, not only IFITM expression but also the endosomal pH can influence efficient infection in different cells lines (27) such as Vero cells (77) and murine RAW264.7 cells (30).

In summary, our results extend the current understanding of the role of IAV HA on viral cell tropism (Table 3). We show that the HA receptor specificity critically affects IAV infection of lymphocytes, with little if any effect on the infection of monocytes and DCs. This pattern correlates with sufficient levels of both human-type and avian-type sialic acid receptors on the latter two types of cells and with the deficiency of the avian-type receptors on lymphocytes. We demonstrate that conformational stability of the HA represents an important factor affecting infectivity of IAVs for monocytes and DCs, this effect being determined by high endogenous expression in these cells of the antiviral protein IFITM3. Furthermore, we show that properties of the HA may affect activation and innate responses in non-epithelial cells. These results provide a rationale for further studies on the role of the HA properties in infection and activation of non-epithelial cells, on underlying molecular mechanisms and the role of these effects in innate and specific immune responses and pathogenesis during influenza infection.


Table 3 | Properties of HA and target cell shaping tropism of IAVs to subpopulations of human PBMCs.





Data Availability Statement

The original contributions presented in the study are included in the article. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The local Ethics committees of Justus-Liebig-University Giessen and Philipps-University Marburg approved the use of human blood samples (buffy coats) for this study. Informed consent was obtained from all blood donors, and the experiments performed conformed to the principles of the WMA Declaration of Helsinki. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

JD performed the experiments. JD, AK, MM, and SB designed the experiments. VB helped to establish immune-staining and infection protocols. HR designed and performed cell sorting panels at BD AriaIII. JW contributed to growing and characterization of the initial virus stocks and advised on handling of the viruses. JD, MM, and SB wrote the manuscript. AK, MM, and SB conceived and supervised the study. All authors approved the submitted version of the manuscript.



Funding

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – SFB 1021-Project B02, Project-ID 197785619 to MM and SB. Open Access funding provided by the Open Access Publication Funds of Philipps-Universität Marburg.



Acknowledgments

We thank G. Bein, Institute for Clinical Immunology and Transfusion Medicine, Justus-Liebig-University Giessen, for providing human buffy coats. We also thank to Robert Webster and Richard Webby, St. Jude Children’s Research Hospital, Memphis, TN, for the wild type IAVs A/Memphis/14/1996 (H1N1) and A/Mallard/Alberta/119/1998 (H1N1) and for the reverse genetics system for the generation of recombinant PR8-based IAVs.



References

1. Mostafa, A, Abdelwhab, EM, Mettenleiter, TC, and Pleschka, S. Zoonotic Potential of Influenza A Viruses: A Comprehensive Overview. Viruses (2018) 10:1–38. doi: 10.3390/v10090497

2. Reperant, LA, Kuiken, T, and Osterhaus, ADME. Adaptive Pathways of Zoonotic Influenza Viruses: From Exposure to Establishment in Humans. Vaccine (2012) 30:4419–34. doi: 10.1016/j.vaccine.2012.04.049

3. Reperant, LA, Kuiken, T, and Osterhaus, ADME. Influenza Viruses: From Birds to Humans. Hum Vaccines Immunother (2012) 8:7–16. doi: 10.4161/hv.8.1.18672

4. Munoz, O, De Nardi, M, van der Meulen, K, Van Reeth, K, Koopmans, M, Harris, K, et al. Genetic Adaptation of Influenza a Viruses in Domestic Animals and Their Potential Role in Interspecies Transmission: A Literature Review. Ecohealth (2016) 13:171–98. doi: 10.1007/s10393-014-1004-1

5. Sutton, TC. The Pandemic Threat of Emerging H5 and H7 Avian Influenza Viruses. Viruses (2018) 10:1–21. doi: 10.3390/v10090461

6. Horman, WSJ, Nguyen, THO, Kedzierska, K, Bean, AGD, and Layton, DS. The Drivers of Pathology in Zoonotic Avian Influenza: The Interplay Between Host and Pathogen. Front Immunol (2018) 9:1812. doi: 10.3389/fimmu.2018.01812

7. Wilks, S, de Graaf, M, Smith, DJ, and Burke, DF. A Review of Influenza Haemagglutinin Receptor Binding as it Relates to Pandemic Properties. Vaccines (2012) 30:4369–76. doi: 10.1016/j.vaccine.2012.02.076.A

8. Long, JS, Mistry, B, Haslam, SM, and Barclay, WS. Host and Viral Determinants of Influenza A Virus Species Specificity. Nat Rev Microbiol (2019) 17:67–81. doi: 10.1038/s41579-018-0115-z

9. Xiong, X, McCauley, JW, and Steinhauer, DA. Receptor Binding Properties of the Influenza Virus Hemagglutinin as a Determinant of Host Range. Curr Top Microbiol Immunol (2014) 385:63–91. doi: 10.1007/82_2014_423

10. Russell, CJ. Acid-Induced Membrane Fusion by the Hemagglutinin Protein and Its Role in Influenza Virus Biology. Curr Top Microbiol Immunol (2014) 385:93–116. doi: 10.1007/82_2014_393

11. Gamblin, SJ, Vachieri, SG, Xiong, X, Zhang, J, Martin, SR, and Skehel, JJ. Hemagglutinin Structure and Activities. Cold Spring Harb Perspect Med (2020) 11:a038638. doi: 10.1101/cshperspect.a038638

12. Varki, A. Sialic Acids in Human Health and Disease. Trends Mol Med (2008) 14:351–60. doi: 10.1016/j.molmed.2008.06.002

13. Thompson, AJ, and Paulson, JC. Adaptation of Influenza Viruses to Human Airway Receptors. J Biol Chem (2021) 296:100017. doi: 10.1074/jbc.REV120.013309

14. Neumann, G, and Kawaoka, Y. Transmission of Influenza A Viruses. Virology (2015) 479–480:234–46. doi: 10.1016/j.virol.2015.03.009

15. De Graaf, M, and Fouchier, RAM. Role of Receptor Binding Specificity in Influenza A Virus Transmission and Pathogenesis. EMBO J (2014) 33:823–41. doi: 10.1002/embj.201387442

16. Russel, CJ, Hu, M, and Okada, FA. Influenza Hemagglutinin Protein Stability, Activation, and Pandemic Risk. Trends Microbiol (2017) 176:100–6. doi: 10.1016/j.tim.2018.03.005.Influenza

17. Di, LS, Herrmann, A, and Mair, CM. Biophysical Perspective Modulation of the pH Stability of Influenza Virus Hemagglutinin : A Host Cell Adaptation Strategy. Biophysical (2016) 110:2293–301. doi: 10.1016/j.bpj.2016.04.035

18. Mair, CM, Ludwig, K, Herrmann, A, and Sieben, C. Receptor Binding and pH Stability - How Influenza A Virus Hemagglutinin Affects Host-Specific Virus Infection. Biochim Biophys Acta - Biomembr (2014) 1838:1153–68. doi: 10.1016/j.bbamem.2013.10.004

19. Daidoji, T, Watanabe, Y, Arai, Y, Kajikawa, J, Hirose, R, and Nakaya, T. Unique Infectious Strategy of H5N1 Avian Influenza Virus Is Governed by the Acid-Destabilized Property of Hemagglutinin. Viral Immunol (2017) 30:398–407. doi: 10.1089/vim.2017.0020

20. Van Riel, D, Munster, VJ, De Wit, E, Rimmelzwaan, GF, Fouchier, RAM, Osterhaus, ADME, et al. Human and Avian Influenza Viruses Target Different Cells in the Lower Respiratory Tract of Humans and Other Mammals. Am J Pathol (2007) 171:1215–23. doi: 10.2353/ajpath.2007.070248

21. Van Riel, D, Den Bakker, MA, Leijten, LME, Chutinimitkul, S, Munster, VJ, De Wit, E, et al. Seasonal and Pandemic Human Influenza Viruses Attach Better to Human Upper Respiratory Tract Epithelium Than Avian Influenza Viruses. Am J Pathol (2010) 176:1614–8. doi: 10.2353/ajpath.2010.090949

22. Bui, CM, Gardner, L, MacIntyre, CR, and Sarkar, S. Influenza A H5N1 and H7N9 in China: A Spatial Risk Analysis. PloS One (2017) 12:e0176903. doi: 10.1371/journal.pone.0176903

23. Philippon, DAM, Wu, P, Cowling, BJ, and Lau, EHY. Avian Influenza Human Infections at the Human-Animal Interface. J Infect Dis (2020) 222:528–37. doi: 10.1093/infdis/jiaa105

24. Betakova, T, Kostrabova, A, Lachova, V, and Turianova, L. Cytokines Induced During Influenza Virus Infection. Curr Pharm Des (2017) 23:2616–22. doi: 10.2174/1381612823666170316123736

25. Sun, J, Wang, J, Yuan, X, Wu, X, Sui, T, Wu, A, et al. Regulation of Early Host Immune Responses Shapes the Pathogenicity of Avian Influenza A Virus. Front Microbiol (2019) 10:2007. doi: 10.3389/fmicb.2019.02007

26. Zhang, Z, Zhang, J, Huang, K, Li, KS, Yuen, KY, Guan, Y, et al. Systemic Infection of Avian Influenza A Virus H5N1 Subtype in Humans. Hum Pathol (2009) 40:735–9. doi: 10.1016/j.humpath.2008.08.015

27. Hensen, L, Matrosovich, T, Roth, K, Klenk, H-D, and Matrosovich, M. HA-Dependent Tropism of H5N1 and H7N9 Influenza Viruses to Human Endothelial Cells Is Determined by Reduced Stability of the HA, Which Allows the Virus To Cope With Inefficient Endosomal Acidification and Constitutively Expressed Ifitm3. J Virol (2019) 94:1–21. doi: 10.1128/jvi.01223-19

28. Ardain, A, Marakalala, MJ, and Leslie, A. Tissue-Resident Innate Immunity in the Lung. Immunology (2020) 159:245–56. doi: 10.1111/imm.13143

29. Ramos, I, Bernal-Rubio, D, Durham, N, Belicha-Villanueva, A, Lowen, AC, Steel, J, et al. Effects of Receptor Binding Specificity of Avian Influenza Virus on the Human Innate Immune Response. J Virol (2011) 85:4421–31. doi: 10.1128/jvi.02356-10

30. Marvin, SA, Russier, M, Huerta, CT, Russell, CJ, and Schultz-Cherry, S. Influenza Virus Overcomes Cellular Blocks To Productively Replicate, Impacting Macrophage Function. J Virol (2017) 91:1–18. doi: 10.1128/jvi.01417-16

31. Cline, TD, Beck, D, and Bianchini, E. Influenza Virus Replication in Macrophages: Balancing Protection and Pathogenesis. J Gen Virol (2017) 98:2401–12. doi: 10.1099/jgv.0.000922

32. Nicol, MQ, and Dutia, BM. The Role of Macrophages in Influenza A Virus Infection. Future Virol (2014) 9:847–62. doi: 10.2217/fvl.14.65

33. Short, KR, Brooks, AG, Reading, PC, and Londrigan, SL. The Fate of Influenza A Virus After Infection of Human Macrophages and Dendritic Cells. J Gen Virol (2012) 93:2315–25. doi: 10.1099/vir.0.045021-0

34. Hou, W, Gibbs, JS, Lu, X, Brooke, CB, Roy, D, Modlin, RL, et al. Viral Infection Triggers Rapid Differentiation of Human Blood Monocytes Into Dendritic Cells. Blood (2012) 119:3128–31. doi: 10.1182/blood-2011-09-379479

35. Lee, ACY, To, KKW, Zhu, H, Chu, H, Li, C, Mak, WWN, et al. Avian Influenza Virus A H7N9 Infects Multiple Mononuclear Cell Types in Peripheral Blood and Induces Dysregulated Cytokine Responses and Apoptosis in Infected Monocytes. J Gen Viol (2017) 98:922–34. doi: 10.1099/jgv.0.000751

36. Roberts, NJ, and Horan, PK. Expression of Viral Antigens After Infection of Human Lymphocytes, Monocytes, and Macrophages With Influenza Virus. J Infect Dis (1985) 151:308–13. doi: 10.1093/infdis/151.2.308

37. Mock, DJ, Domurat, F, Roberts, NJ, Walsh, EE, Licht, MR, and Keng, P. Macrophages Are Required for Influenza Virus Infection of Human Lymphocytes. J Clin Invest (1987) 79:620–4. doi: 10.1172/JCI112856

38. Mock, DJ, Frampton, MW, Nichols, JE, Domurat, FM, Signs, DJ, and Roberts, NJ. Influenza Virus Infection of Human Lymphocytes Occurs in the Immune Cell Cluster of the Developing Antiviral Response. Viruses (2018) 10:420. doi: 10.3390/v10080420

39. Roberts, NJ. Diverse and Unexpected Roles of Human Monocytes/Macrophages in the Immune Response to Influenza Virus. Viruses (2020) 12:1–8. doi: 10.3390/v12040379

40. Gerlach, T, Hensen, L, Matrosovich, T, Bergmann, J, Winkler, M, Peteranderl, C, et al. pH Optimum of Hemagglutinin-Mediated Membrane Fusion Determines Sensitivity of Influenza A Viruses to the Interferon-Induced Antiviral State and IFITMs. J Virol (2017) 91:1–16. doi: 10.1128/jvi.00246-17

41. West, J, Roder, J, Matrosovich, T, Beicht, J, Baumann, J, Kouassi, NM, et al. Characterization of Changes in the Hemagglutinin That Accompanied the Emergence of H3N2/1968 Pandemic Influenza Viruses. PLoS Pathogens (2021) 17:e1009566. doi: 10.1371/journal.ppat.1009566

42. Matrosovich, M, Matrosovich, T, Uhlendorff, J, Garten, W, and Klenk, HD. Avian-Virus-Like Receptor Specificity of the Hemagglutinin Impedes Influenza Virus Replication in Cultures of Human Airway Epithelium. Virology (2007) 361:384–90. doi: 10.1016/j.virol.2006.11.030

43. Kaufmann, A, Mühlradt, PF, Gemsa, D, and Sprenger, H. Induction of Cytokines and Chemokines in Human Monocytes by Mycoplasma Fermentans-Derived Lipoprotein MALP-2. Infect Immun (1999) 67:6303–8. doi: 10.1128/iai.67.12.6303-6308.1999

44. Webster, R, Cox, N, and Stohr, K. WHO Manual on Animal Influenza Diagnosis and Surveillance: World Health Organization, Department of Communicable Disease Surveillance and (2002). Available at: http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:WHO+Manual+on+Animal+Influenza+Diagnosis+and+Surveillance+World+Health+Organization+Department+of+Communicable+Disease+Surveillance+and#1.

45. Wagner, R, Matrosovich, M, and Klenk, H-D. Functional Balance Between Neuraminidase and Haemagglutinin in Influenza Viruses. Rev Med Virol (2002) 12:159–66. doi: 10.1016/j.cmi.2016.07.007

46. de Vries, E, Du, W, Guo, H, and de Haan, CAM. Influenza A Virus Hemagglutinin– Neuraminidase–Receptor Balance: Preserving Virus Motility. Trends Microbiol (2020) 28:57–67. doi: 10.1016/j.tim.2019.08.010

47. Sauer, AK, Liang, CH, Stech, J, Peeters, B, Quéré, P, Schwegmann-Wessels, C, et al. Characterization of the Sialic Acid Binding Activity of Influenza A Viruses Using Soluble Variants of the H7 and H9 Hemagglutinins. PloS One (2014) 9:1–9. doi: 10.1371/journal.pone.0089529

48. Ito, T, Suzuki, Y, Takada, A, Kawamoto, A, Otsuki, K, Masuda, H, et al. Differences in Sialic Acid-Galactose Linkages in the Chicken Egg Amnion and Allantois Influence Human Influenza Virus Receptor Specificity and Variant Selection. J Virol (1997) 71:3357–62. doi: 10.1128/jvi.71.4.3357-3362.1997

49. Chung, CY, Yin, B, Wang, Q, Chuang, KY, Chu, JH, and Betenbaugh, MJ. Assessment of the Coordinated Role of ST3GAL3, ST3GAL4 and ST3GAL6 on the α2,3 Sialylation Linkage of Mammalian Glycoproteins. Biochem Biophys Res Commun (2015) 463:211–5. doi: 10.1016/j.bbrc.2015.05.023

50. Takeuchi, M, Takasaki, S, Miyazaki, H, Kato, T, Hoshi, S, Kochibe, N, et al. Comparative Study of the Asparagine-Linked Sugar Chains of Human Erythropoietins Purified From Urine and the Culture Medium of Recombinant Chinese Hamster Ovary Cells. J Biol Chem (1988) 263:3657–63. doi: 10.1016/s0021-9258(18)68975-6

51. Makarkov, AI, Chierzi, S, Pillet, S, Murai, KK, Landry, N, and Ward, BJ. Plant-Made Virus-Like Particles Bearing Influenza Hemagglutinin (HA) Recapitulate Early Interactions of Native Influenza Virions With Human Monocytes/Macrophages. Vaccine (2017) 35:4629–36. doi: 10.1016/j.vaccine.2017.07.012

52. Geisler, C, and Jarvis, DL. Letter to the Glyco-Forum: Effective Glycoanalysis With Maackia Amurensis Lectins Requires a Clear Understanding of Their Binding Specificities. Glycobiology (2011) 21:988–93. doi: 10.1093/glycob/cwr080

53. Gambaryan, A, Yamnikova, S, Lvov, D, Tuzikov, A, Chinarev, A, Pazynina, G, et al. Receptor Specificity of Influenza Viruses From Birds and Mammals: New Data on Involvement of the Inner Fragments of the Carbohydrate Chain. Virology (2005) 334:276–83. doi: 10.1016/j.virol.2005.02.003

54. Russell, CJ. Hemagglutinin Stability and its Impact on Influenza a Virus Infectivity, Pathogenicity, and Transmissibility in Avians, Mice, Swine, Seals, Ferrets, and Humans. Viruses (2021) 13:746. doi: 10.3390/v13050746

55. Okda, FA, Perry, SS, Webby, RJ, and Russell, CJ. Interplay Between H1N1 Influenza a Virus Infection, Extracellular and Intracellular Respiratory Tract Ph, and Host Responses in a Mouse Model. PloS One (2021) 16:1–25. doi: 10.1371/journal.pone.0251473

56. Singanayagam, A, Zambon, M, and Barclay, WS. Influenza Virus With Increased pH of Hemagglutinin Activation Has Improved Replication in Cell Culture But at the Cost of Infectivity in Human Airway Epithelium. J Virol (2019) 93:1–13. doi: 10.1128/jvi.00058-19

57. Ibricevic, A, Pekosz, A, Walter, MJ, Newby, C, Battaile, JT, Brown, EG, et al. Influenza Virus Receptor Specificity and Cell Tropism in Mouse and Human Airway Epithelial Cells. J Virol (2006) 80:7469–80. doi: 10.1128/jvi.02677-05

58. Matrosovich, MN, Matrosovich, TY, Gray, T, Roberts, NA, and Klenk, HD. Human and Avian Influenza Viruses Target Different Cell Types in Cultures of Human Airway Epithelium. Proc Natl Acad Sci USA (2004) 101:4620–4. doi: 10.1073/pnas.0308001101

59. Li, H, Bradley, KC, Long, JS, Frise, R, Ashcroft, JW, Hartgroves, LC, et al. Internal Genes of a Highly Pathogenic H5N1 Influenza Virus Determine High Viral Replication in Myeloid Cells and Severe Outcome of Infection in Mice. PloS Pathog (2018) 14:e1006821. doi: 10.1371/journal.ppat.1006821

60. Londrigan, SL, Tate, MD, Brooks, AG, and Reading, PC. Cell-Surface Receptors on Macrophages and Dendritic Cells for Attachment and Entry of Influenza Virus. J Leukoc Biol (2012) 92:97–106. doi: 10.1189/jlb.1011492

61. Meischel, T, Villalon-Letelier, F, Saunders, PM, Reading, PC, and Londrigan, SL. Influenza A Virus Interactions With Macrophages: Lessons From Epithelial Cells. Cell Microbiol (2020) 22:1–11. doi: 10.1111/cmi.13170

62. Appay, V, and Rowland-Jones, SL. RANTES: A Versatile and Controversial Chemokine. Trends Immunol (2001) 22:83–7. doi: 10.1016/S1471-4906(00)01812-3

63. Kato, H, Takeuchi, O, Sato, S, Yoneyama, M, Yamamoto, M, Matsui, K, et al. Differential Roles of MDA5 and RIG-I Helicases in the Recognition of RNA Viruses. Nature (2006) 441:101–5. doi: 10.1038/nature04734

64. Hunter, CA, and Jones, SA. IL-6 as a Keystone Cytokine in Health and Disease. Nat Immunol (2015) 16:448–57. doi: 10.1038/ni.3153

65. Liu, Q, Liu, DY, and Yang, ZQ. Characteristics of Human Infection With Avian Influenza Viruses and Development of New Antiviral Agents. Acta Pharmacol Sin (2013) 34:1257–69. doi: 10.1038/aps.2013.121

66. Kalaiyarasu, S, Kumar, M, Senthil Kumar, D, Bhatia, S, Dash, SK, Bhat, S, et al. Highly Pathogenic Avian Influenza H5N1 Virus Induces Cytokine Dysregulation With Suppressed Maturation of Chicken Monocyte-Derived Dendritic Cells. Microbiol Immunol (2016) 60:687–93. doi: 10.1111/1348-0421.12443

67. Gu, Y, Zuo, X, Zhang, S, Ouyang, Z, Jiang, S, Wang, F, et al. The Mechanism Behind Influenza Virus Cytokine Storm. Viruses (2021) 13:1362. doi: 10.3390/v13071362

68. Lersritwimanmaen, P, Na-Ek, P, Thanunchai, M, Thewsoongnoen, J, Sa-Ard-Iam, N, Wiboon-Ut, S, et al. The Presence of Monocytes Enhances the Susceptibility of B Cells to Highly Pathogenic Avian Influenza (HPAI) H5N1 Virus Possibly Through the Increased Expression of α2,3 SA Receptor. Biochem Biophys Res Commun (2015) 464:888–93. doi: 10.1016/j.bbrc.2015.07.061

69. Nichols, JE, Niles, JA, and Roberts, NJ. Human Lymphocyte Apoptosis After Exposure to Influenza A Virus. J Virol (2001) 75:5921–9. doi: 10.1128/jvi.73.13.5921-5929.2001

70. Castro, IA, Jorge, DMM, Ferreri, LM, Martins, RB, Pontelli, MC, Jesus, BLS, et al. Silent Infection of B and CD8 ./.. T Lymphocytes by Influenza A Virus in Children With Tonsillar Hypertrophy. J Virol (2020) 94:1–19. doi: 10.1128/JVI.01969-19

71. Perreira, JM, Chin, CR, Feeley, EM, and Brass, AL. IFITMs Restrict the Replication of Multiple Pathogenic Viruses. J Mol Biol (2013) 425:4937–55. doi: 10.1016/j.jmb.2013.09.024

72. Bailey, CC, Zhong, G, Huang, IC, and Farzan, M. IFITM-Family Proteins: The Cell’s First Line of Antiviral Defense. Annu Rev Virol (2014) 1:261–83. doi: 10.1146/annurev-virology-031413-085537

73. Chen, X, Liu, S, Goraya, MU, Maarouf, M, Huang, S, and Chen, JL. Host Immune Response to Influenza A Virus Infection. Front Immunol (2018) 9:320. doi: 10.3389/fimmu.2018.00320

74. Kummer, S, Avinoam, O, and Kräusslich, H-G. IFITM3 Clusters on Virus Containing Endosomes and Lysosomes Early in the Influenza A Infection of Human Airway Epithelial Cells. Viruses (2019) 11:548. doi: 10.3390/v11060548

75. Suddala, KC, Lee, CC, Meraner, P, Marin, M, Markosyan, RM, Desai, TM, et al. Interferon-Induced Transmembrane Protein 3 Blocks Fusion of Sensitive But Not Resistant Viruses by Partitioning Into Virus-Carrying Endosomes. PLoS Pathogens (2019) 15:e1007532. doi: 10.1371/journal.ppat.1007532

76. Sun, X, Zeng, H, Kumar, A, Belser, JA, Maines, TR, and Tumpey, TM. Constitutively Expressed IFITM3 Protein in Human Endothelial Cells Poses an Early Infection Block to Human Influenza Viruses. J Virol (2016) 90:11157–67. doi: 10.1128/jvi.01254-16

77. Murakami, S, Horimoto, T, Ito, M, Takano, R, Katsura, H, Shimojima, M, et al. Enhanced Growth of Influenza Vaccine Seed Viruses in Vero Cells Mediated by Broadening the Optimal pH Range for Virus Membrane Fusion. J Virol (2012) 86:1405–10. doi: 10.1128/jvi.06009-11




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dorna, Kaufmann, Bockmann, Raifer, West, Matrosovich and Bauer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-827760-g007.jpg
A
Subpopulations
Q +  + + ° % O
S o ¥ ® & 1 o
mAo oo A
25
IFIMT3 - -y
15

Actin 55:----—- - =

CcD14" CcD1c* CD303*

- N - W 8

kDA O a a 3
IFIMT3 15’ [_anlEs

Actin 55 — | | ——

[%] IFITM3 expression

norm. to PBMC

N
a
o

= N
(=
o

-

o O
o

[2)]
o

o

o

PBMC

cb3*

cba*

cbg’

cD20"

CD56"

cCD14"





OEBPS/Images/fimmu-13-827760-g009.jpg
CCL5

IFN-a

[e]
HK-R2

*
HK-H17R

IL-6

HK

[=3 o
o o
N

LM O} pazijewJou 9%,

300

%k %k %k
HK-R2

%k %k %k
HK-H17R

HK

o o o

(=3
(=3 (<] =1
™ N ol

400

1M O} pazijewJou %,

RIG-I

% %k

%k %k *k

=3
(=]
wn

(=1 (=3 (=3
[=] (=] =]
© N -

1M 0} pazijeuliou %

(=3 =3 =3
(=3 o o
[e] N -

(=3
o
<
LM o} pazijewuou 9%,

o

HK-H17R HK-R2

HK

HK-H17R HK-R2

HK

1.5

o
N

Q 0
- o

[lw/Bu] g-1

w o 0
-~ -

[1w/Bu] 0-NdI

0.0

NA

¢Y-MH

¥.LLH-MH

MH

wap

9122 NAO

wnipapy

NA

AULIH-MH

MH

wap

9122 NAO

wnipapy






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of Receptor Specificity and Conformational Stability of Influenza A Virus Hemagglutinin on Infection and Activation of Different Cell Types in Human PBMCs

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Cells

          



          		

            Negative Selection of PBMC Subpopulations Using MACS Separation System

          



          		

            Recombinant Viruses

          



          		

            Virus Titration

          



          		

            Biotinylated IAVs

          



          		

            Infection of PBMCs

          



          		

            Flow Cytometry

          



          		

            Sialic Acid Expression

          



          		

            Assessment of the Effect of Extracellular pH on IAV Infectivity

          



          		

            Western Blotting

          



          		

            siRNA Transfection

          



          		

            Detection of Cytokines in Human pDCs

          



          		

            RNA Isolation and qRT-PCR

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Recombinant Viruses

          



          		

            Receptor Specificity Affects IAV Infection in PBMCs

          



          		

            Expression of Sialic Acids and Binding of the Viruses to Cells

          



          		

            Effect of Extracellular pH on IAV Infectivity for PBMCs

          



          		

            IFITM3 Is a Major Restriction Factor for IAVs With High Conformational Stability in Human Primary Macrophages

          



          		

            Antiviral Response to Human and Avian-Like Viruses

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2022.827760_cover.jpg
’ frontiers

in Immunology

Effects of Receptor Specificity
and Conformational Stability of
Influenza A Virus Hemagglutinin on
Infection and Activation of Different
Cell Types in Human PBMCs





OEBPS/Images/fimmu-13-827760-g006.jpg
[% NP positive]

MDCK PBMC
100 30 T
80 -E- il
£ 20 4+ =
60 ® I
o .
o
o ol
40 Z 1 | =
R * *
20 = *
0
45 50 55 6.0 65 7.0 7.5 8.0 8.5

45 50 55 6.0 65 7.0 75 8.0 8.5
pH pH

B HK BB HK-H17R I HK-R2





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-827760-g004.jpg
*
3MOlI 1 0.03 MOI
*
100 100
— ““ —_—
.g 80 Iil PR _g 80
= *kkk =
g 60 *  kkk M g 60 *
o n ri 1 8 M
o D o
2 40 e ® o 2 40 oo
(J w (J
= 201, ] = 20
0
+ + + + + + + + + + + + + +
< ==} [=} © < (a2} (8] < [ o (L=} < ™ [S)
o QA N OV T Q = A O N BV - O «—
O O O o o 9 N0 O O O o o © AN
O 0o o A o O o o A9 o
o (&]
c D

Marker of PBMC Mean + SD [%]
subpopulation CD* of PBMC

Isolated cells 3 MOI

%k %k %k %k % %

100 —
cD4* 255+ 6.4
T 80
2 cD8* 143+35
@ 60
Q.
& 40 cD20* 97+23
P4
2 20 CD56* 77: 22
0~ % + " CD14* 21.0+75
a3 a ] S
(=] [a]
e Q 3] 3] CD303* 08403

B HK [EEHK-H17R [ HK-R2 CD1ct 10405





OEBPS/Images/table2.jpg
Cell type

Lymphocytes

Th cells

Tc cells

B cells

NK cells

Classical monocytes
Plasmacytoid DCs
Myeloid DCs

Marker

CD3*
CD4*
CD8*
CD20*
CD56*
CD14*
CD303*
CD1c*






OEBPS/Images/fimmu-13-827760-g002.jpg
MDCK

PBMC

(=4 (=] o
© < N

[aamsod dN %]

o o o
© < N

[eAisod dN %]

IO €0°0

ION €0

ION €

149+

MOON

IOIN €0°0

ION €0

ION €

1dga+

MOON

o

BB HK B HK-H17R I HK-R2





OEBPS/Images/fimmu-13-827760-g008.jpg
A Amaxa B
XK o
e %k 5
kDA S o 2y
25( -~ o 8
s 100
IFIMT3 o o
ow - %
15| - EE s0
T o
55[ | =€
Actin -— - .- g
- [
MOCK  scRNA
(o]
uninfected HK HK-H17R HK-R2
count NP* NP . NP* NP*
A " 1.06% o] 34.4% . 61.5% 33.5%
o SCRNA
al NP* : NP*
0.97% 71.0%
] IFITM3
> NP*APC
D 2 5 * k% * k%
o ) 11
~
= 2.0 A
215
E
5 1.0
E
6 05
=
0.0

HK-H17R






OEBPS/Images/table3.jpg
Cell type Marker Property of HA® Property of the cell®
Receptor specificity Conformational stability IFITM3 expression Receptor expression

Ty cells CD4* ++ + n.d.° o2-6

Tc cells cbs* ++ + intermediate o2-6

B cells CD20* ++ - nd. o2-6

NK cells CD56* ++ + n.d. 02-6 and 02-3
Classical monocytes CD14* - ++ very high 02-6 and 02-3
Plasmacytoid DCs CD303* - ++ high 02-6 and 02-3
Myeloid DCs CD1c* + + high 02-6 and 02-3

The number of plusses reflect magnitude of the effect of HA property on infection efficiency. Minus depicts a lack of a significant effect.

°Expression of IFITM3 protein and two types of sialic acid motifs (a2-6 and a2-3).

°n.d. not detected.
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OEBPS/Images/table1.jpg
Abbrev. Source of HA and NA Host species Receptor-binding specificity® pH of conformational transition®

HK A/Hong Kong/1/1968 (H3N2) Human (pandemic) 2-6>2-3 49
HK-H17R H17R mutation in HA of HK Human (pandemic) 2-6>2-3 53
HK-R2 L226Q+S228G mutation in HA of HK Human (pandemic) 2-3 4.8
Mem A/Memphis/14/1996 (H1N1) Human (seasonal) 2-6 47
VN ANietnam/1203/2004 (H5N1) Poultry (zoonotic) 2-3 57
VN-K581 K58 mutation in HA of VN Poultry (zoonotic) 2-3 5.1

®All viruses share six gene segments of the laboratory strain A/Puerto Rico/1934 and differ by the source of HA and NA. The viruses were generated and their receptor specificity and
conformational stability were characterized as described in previous publications (27, 41, 42, 44).

bAbility of the virus to bind either Neu5Ac2-6Gal-teminated or NeuSAc2-3Gal-terminated sialyiglycopolymers or both receptor types. The symbol > indicates stronger binding to the
receptor type indicated.

°pH values at which 50% of the HA undergo acid-induced conformational transition and become sensitive to proteolytic degradation. These values correlate with the viral pH optimum of
fusion and inversely correlate with conformational stability of HA.
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