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Preliminary studies in our laboratory suggested that homozygous expression of 

HLA class I alleles may be associated with protection of lymphocytes against infection by 

influenza virus.  There was absence of viral transcription in the lymphocytes of HLA-A 

homozygous subjects, although all monocytes were infected. 

My specific aim was to determine if such resistance was evident in HLA-B 

homozygous subjects as well while studying the feasibility of different methods to identify 

the site of block to replication.  Flow cytometry and Western Blot failed due to the 

interference of input virus. RtPCR and 
35
S labeling showed absence of synthesis of viral 

proteins as seen with HLA-A homozygous/HLA-B heterozygous donors.   

In conclusion, this resistance is present in different HLA class I homozygous 

phenotypes, aside to the common HLA alleles. The use of RtPCR along with sucrose 

gradient separation of cell fractions may be a good alternative to assess the site of block of 

infection.    
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CHAPTER ONE: INFLUENZA A VIRUS  

 Influenza A virus (IAV) has been causing recurrent epidemics of febrile 

respiratory illness every 1 to 3 years for at least the past 400 years.  Influenza epidemics 

are associated with morbidity and mortality, presenting in the form of elevated rates of 

pneumonia and hospitalizations and deaths.  

CLASSIFICATION 

Influenza viruses belong to the family Orthomyxoviridae and are classified into 

three distinct types: influenza A, influenza B, and influenza C virus. All three viruses 

share certain features including the presence of a host-cell derived envelope, and a 

segmented genome of negative sense, comprised of eight single-stranded RNA’s packed 

into ribonucleoprotein (vRNP) complexes (see figure 1). They are distinguished on the 

basis of antigenic characteristics of the nucleoprotein (NP) and matrix (M) protein 

antigens.  Type C influenza has only a single glycoprotein, the hemagglutinin-esterase-

fusion protein.  Influenza A viruses differ by having eight structural proteins and are 

further divided into subtypes on the basis of their hemagglutinin (HA) and neuraminidase 

(NA) antigens.  Influenza A and B viruses are morphologically similar.  HA and NA are 

envelope glycoproteins that project from the virion surface.  HA is responsible for cell 

attachment by binding sialic acid on cells, while the NA degrades the sialic acid and 

plays a role in the release of virus from infected cells after replication takes place. At 

least sixteen distinct HA have been described in influenza A viruses (IAV), as well as at 

least nine distinct NA based on antigenic differences.   Individual strains are designated 

according to the site of origin, isolate number, year of isolation, and subtype (1, 2, 3). 

HA is synthesized as a precursor, HA0, that trimerizes in association with 

chaperones in the endoplasmic reticulum and is transferred through the Golgi apparatus 
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to the cell surface. In turn, cleavage of HA0 generates the C terminus of HA1 and the N 

terminus of HA2 and is required for membrane fusion activity and infectivity.  HA 

mediated fusion of the viral and endosomal membranes is activated at the low pH of the 

endosomes, between pH 5 and pH 6.  An irreversible conformational change in the HA 

exposes the HA2 N-terminal fusion peptide, while preserving the structure of the HA1 

receptor-binding domain.  The exposed fusion peptide would insert into the cellular 

membrane, anchoring HA into both prefusion membranes (4). 

 

  

Figure 1:  Influenza A virus 

HA: hemagglutinin  NA: neuraminidase  M1, M2: Matrix proteins   

NP: nucleoprotein  PB1, PB2, PA:  polymerase genes  NS: non structural proteins 
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EPIDEMIOLOGY 

IAV causes one of the most prevalent infections of the respiratory tract in 

humans.  It is responsible for causing recurrent epidemics of febrile respiratory disease 

that have been associated with increasing morbidity and mortality (5,6).  An annual 

average of 41,400 deaths has been attributed to influenza over the period of 1979-2001 

(7). Generally, the level of excess mortality is highest in years when influenza A (H3N2) 

viruses predominate, but influenza B and H1N1 viruses also can be associated with 

excess mortality.  Influenza related death rates in nursing home residents are as high as 

15 deaths per 1000 persons annually (8).   Excess morbidity and mortality are particularly 

high in adults and children with cardiovascular and pulmonary conditions or those 

requiring regular medical care because of chronic metabolic disease, renal dysfunction, 

hemoglobinopathies, or immunodeficiency. 

Epidemic Influenza 

IAV epidemics present as outbreaks of influenza confined to one location, such as 

city, state, or country.  They usually begin abruptly, reach a sharp peak in 2 to 3 weeks, 

and last 5 to 6 weeks (9).  Outbreaks in children are usually followed by the occurrence 

of influenza-like illnesses among adults. 

During epidemics, average overall incidence rates are estimated to be 10% to 

20%, but can reach as high as 40% to 50% in selected populations (10).  In temperate 

climates, epidemics occur almost exclusively in winter months, whereas it may be seen 

year round in the tropics. 

Pandemic Influenza 

Pandemics provide the most dramatic evidence of the impact of influenza.  They 

present as severe outbreaks that rapidly progress to involve all parts of the world and are 
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associated with the emergence of a new virus to which the overall population possesses 

little or no immunity. They present outside of the usual seasonality, with high attack rates 

in all age groups, particularly in healthy young adults.   

Approximately every 30 years, the emergence of new virulent strains by 

reassortment or mutation of an avian virus leads to the development of an influenza 

pandemic, which carries a high mortality in all age groups, including young individuals 

(11).   

LIFE CYCLE 

 IAV infect cells in a multi-step process: 1) viruses are internalized via receptor-

mediated endocytosis;  2)  internalized viruses are trafficked along the endocytic pathway 

to acidic late endosomes; 3)  exposure to low pH triggers HA-catalyzed fusion between 

the viral and endosomal membranes, releasing vRNP; 4) vRNPs are imported into the 

nucleus for viral gene expression and replication; 5) new virus proteins are synthesized; 

6) virus assembles and is released from the cell (12). These steps are detailed below.  

Endocytosis mechanisms of influenza viruses 

By using fluorescence microscopy with live Hela cells exposed to dye-labeled 

influenza virus, it has been seen that about two thirds of endocytosed fluorescently 

labeled virus particles associated with clathrin coated pits for an extended period of time 

prior to internalization.  One third of the viruses were internalized via a clathrin 

independent pathway.  This pathway was also found to be caveolin-independent by 

tracking single virus particles together with caveolae prior to internalization.  Both 

pathways lead to viral fusion with similar efficiency.  The viruses taking the clathrin-

mediated pathway entered cells via the de novo formation of clathrin-coated pits at viral 

binding sites (13).   
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Post endocytic trafficking of influenza 

After internalization, IAV are thought to be trafficked initially to early endosomes 

and then to late endosomes, where upon exposure to low pH (~5), influenza viruses fuse 

with their endosomal compartments, allowing their genome to be released into the 

cytoplasm to initiate infection.  Prior to fusion, it has been observed, in living CHO and 

BS-C-1 cells, that the virus displays a three-stage transport behavior:  the virus first 

moves slowly in the cell periphery (stage I), then adopts a rapid and unidirectional 

movement towards the nucleus (stage II), followed by an intermittent, often bi-directional 

movement in the perinuclear region (stage III) (14). 

The endocytic compartments are regulated by Rab proteins and other factors.  

Rab5 proteins associate with early endosomes and regulate early endocytic traffic.  The 

late endosomes were found to associate with Rab7 and Rab9 proteins.  Dominant-

negative mutants of either Rab5 or Rab7 significantly inhibit influenza infectivity in 

HeLa cells, suggesting that both early and late endosomes are required for influenza 

infection (15).  Using indirect immunofluorescence assays in HeLa cells,  it was found 

that influenza viruses colocalize with early endosomal markers at approximately 10 min 

post-infection, while colocalization with late endosomal markers occurs at approximately 

40 minutes post-infection (16). This is different for MDCK and CHO cells, where the 

viruses were found to fuse with late endosomes at about 10 min post infection (14, 16).  

There are no similar studies available that have tracked IAV inside peripheral blood 

mononuclear cells. 

Viral transcription and replication 

Upon penetration of the influenza virus nucleocapsid into the host cell cytoplasm, 

the viral RNA and associated proteins are transported to the nucleus, where viral 
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transcription and replication occur.  Experiments in CHO cells using immunoelectron 

microscopy showed that the nucleoprotein enters the nucleus through the nuclear pore as 

part of an intact ribonucleoprotein and that its transport is an active process.  Subsequent 

to penetration, the matrix (M1) protein, appeared to dissociate from the RNP structure 

and to enter the nucleus independently of the RNP by passive diffusion (16). 

PATHOGENESIS 

Most individuals survive epidemic influenza and recover with establishment of 

homotypic immunity due to cell-mediated responses to the challenge. Although the 

primary target for the virus is the respiratory epithelial cell, peripheral blood 

mononuclear cells (PBMC) are rapidly and extensively recruited to the lung in response 

to IAV challenge (17). These cells are susceptible to infection by the virus (18) and, 

although their infection is abortive, it may be an important component of overall 

influenza pathogenesis.   

Notably, we have shown in earlier studies that not only are the virus-specific 

lymphocyte responses that achieve recovery monocyte-macrophage-dependent, but also 

infection of lymphocytes by the virus and lymphocyte apoptosis induced by the virus 

infection are monocyte-macrophage-dependent (19). The lymphocytes that became 

infected tended to be virus-specific cells that clustered with the infected monocytes-

macrophages.  Prior studies using (
35
S) methionine pulse-labeled purified preparations of 

virus-exposed macrophages, depleted of lymphocytes, demonstrated the synthesis of new 

viral proteins.  However, when purified lymphocytes, depleted of monocytes-

macrophages were exposed to influenza virus, there was no detectable viral protein 

synthesis.  Further experiments using unseparated mononuclear leukocytes exposed 

initially to virus, and subsequently separated by countercurrent centrifugal elutriation, 

showed that both macrophages and lymphocytes were able to synthesize influenza 

proteins.  Macrophage-derived supernatant fluids did not facilitate influenza virus 

infection of the lymphocytes.  The data suggested that macrophages are required for 
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influenza virus infection of human lymphocytes (16).  It is not clear the role that the 

macrophage plays.  It could be that it primes the virus by a specific hemagglutinin 

protease.  The macrophage could also be involved in the endocytosis of the virus by the 

lymphocyte.  It may be possible that the virus would have to undergo endocytosis by the 

macrophage first with subsequent processing and later exocytosis and release by the 

macrophage prior to its uptake by the lymphocyte.   

 While lymphocytes may be a major determinant of recovery through their virus-

specific cytotoxic (CTL) activity (17, 18), they may be subject to mutual CD8-CD8 lysis 

(fratricide) if they become infected during the course of the immune response. Such a 

collateral event may not be deleterious to the species during epidemic influenza but it is 

conceivable that avoiding such lymphocyte-mediated autologous lymphocyte killing 

would benefit the host immune defenses and help the species survive when challenged 

with a highly pathogenic and pandemic IAV.  

 

 
 

 

 

 

 

 

 

CHAPTER TWO: HLA AND INFLUENZA  

When we encounter a microbial pathogen, there is a fight between its virulence 

factors and our defenses.  If we do not mount effective immune responses, we will not 

overcome infections.  However, if we overreact, host immune cascades may make those 

infections more severe.  Predisposing factors, such as age, comorbidities, as well as 

specific genetic factors contribute to this balance.  Some patients appear to be 

predisposed to certain infections, while others are protected.  Identifying genetic 
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polymorphisms responsible for differential susceptibilities to infection is important, as is 

using this knowledge to understand the molecular mechanisms by which these 

polymorphisms affect outcome.  There is a different array of disease manifestations in 

patients with IAV infection.  These different manifestations may be related to a genetic 

polymorphism. 

HLA COMPLEX 

In humans, the major histocompatibility complex, also known as the HLA 

complex, represents the most heterogeneous locus known.  The three major classes of 

HLA, class I, class II and class III, located on chromosome 6, play a role in developing 

and regulating immune responses to pathogens. Both class I and class II present antigenic 

peptides to T cells, which then mount antigen-specific immune responses. The cell 

surface glycoproteins CD8 and CD4, bind specifically to class I and class II, respectively.  

More than 950 class I alleles and over 650 class II alleles are known (19). 

The main class I genes are those encoding the heavy chains (alpha chains) of the 

six class I isoforms HLA-A, -B, -C, -E,   -F, and –G.  In addition there are HLA-H, -J, -K 

and –L which are non-functional pseudogenes closely related in nucleotide sequence to 

the functional class I genes. The gene encoding B2-microglobulin (light chain of class I 

molecules), is not in the HLA complex but on human chromosome 15. CD8 cells have a 

cytotoxic function that enables them to kill cells infected with viruses or other 

intracellular pathogens.  Because all nucleated cells are potential targets for viral 

infection, class I molecules are constitutively expressed by almost all types of cells (20).   

The HLA class II molecules are heterodimers composed of alpha and beta chains.  

There are five isotypes which are designated HLA-DM, -DO, -DP, -DQ, -DR.  HLA class 
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II molecules are selectively expressed on cells specialized in presenting antigens 

(macrophages, dendritic cells) (21). 

HLA AND CLINICAL MANIFESTATIONS OF INFLUENZA 

There is a different array of disease manifestations in patients with influenza virus 

infection which may be related to genetic polymorphism, as has been seen in prior 

research.  A study suggested that there is a trend towards less pronounced manifestations 

of influenza infection in individuals with antigen-markers A9, B40, characteristic of a 

Mongoloid population (22).  A study that evaluated the immune response to influenza 

vaccination revealed that the HLA-DRB1*0701 allele was overrepresented among 

persons who fail to mount a neutralizing antibody response (23). 

Careful examination of the IAV-specific CD8 response in several panels of 

individual donors whose cells expressed HLA-A1, A2, and/or A3 showed that the 

majority of virus-specific response was restricted to HLA-B alleles and not to the 

common HLA-A alleles.  Especially HLA-B*2705 and HLA-B*3501 were found to be 

preferred alleles in the IAV specific CTL response.  The preferential HLA usage was 

found to depend on the type of influenza virus (A or B) studied.  In contrast to the 

influenza A virus-specific CTL response, the HLA-B*0801-restricted response specific 

for influenza B virus was highly immunodominant, followed by HLA-B*2705 (24).  

HOMOZYGOUS (HMZ) EXPRESSION OF HLA CLASS I ALLELES (HLA-A) 

AND RESISTANCE OF LYMPHOCYTES TO INFLUENZA VIRUS INFECTION 

Unexpectedly, preliminary studies in our laboratory suggest that homozygous 

expression of HLA class I alleles (HLA-A, serologically determined) may be associated 

with protection of lymphocytes against infection by H1N1 IAV.  There was absence of 

transcription or synthesis of viral proteins in the lymphocytes of homozygous subjects, 
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although monocytes of all subjects were infected.  This is not the case for individuals 

heterozygous at the same allele.   

For these experiments, PBMC were obtained from healthy donors and separated 

through Ficoll-Hypaque sedimentation.  The PBMC of HLA class I HMZ and HTZ 

subjects were exposed to IAV H1N1 at an MOI of 3 and virus protein synthesis was 

measured using labeling with 
35
S methionine.  The samples were analyzed by gel 

electrophoresis.  There was evidence of synthesis of HA, NA and NP in the macrophages 

of the patients that were HTZ and HMZ for HLA class I alleles as well as in the 

lymphocytes of the HTZ subjects.  In contrast, there was absence of synthesis of any viral 

protein by the lymphocytes of subjects that were HMZ for HLA class I alleles.  Pulse-

labeling of cells at earlier and later timepoints after exposure showed that the results were 

not due to altered kinetics of infection.  Further experiments using Northern blots showed 

that HTZ but not HMZ lymphocytes synthesized viral mRNA, and lymphocytes of HTZ 

but not HMZ individuals were susceptible to IAV-specific (CTL) lysis. 

INTERNALIZATION OF FITC-LABELED INFLUENZA VIRUS BY 

MONOCYTES-MACROPHAGES AND LYMPHOCYTES 

To elucidate the mechanism of HLA restriction, it is important to assess the 

possible site of block of infection in the population of HLA class I HMZ versus HTZ 

subjects. 

Our preliminary studies  that evaluated the internalization of FITC-labeled 

influenza virus (25) by monocytes-macrophages and lymphocytes showed that there was 

no difference between HLA class I HMZ or HTZ subjects in uptake of the virus, but 

transcription was not detectable in lymphocytes of the HMZ subjects.  There was 

evidence of a significant percentage of macrophages internalizing the virus.  There was 

an equally small percentage of lymphocytes that internalized the virus in both types of 

patients. 
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OBJECTIVES OF THIS THESIS STUDY 

Most individuals survive epidemic influenza and recover completely with 

establishment of homotypic immunity due to cell-mediated responses to the challenge. In 

this regard, it is notable that preliminary studies for this proposal, as reported in more 

detail above, suggested that lymphocytes of HLA-A HMZ individuals show intrinsic 

resistance to influenza infection as well as resistance, in turn, to CTL-mediated lysis even 

when exposed to the virus in the presence of monocytes-macrophages, and even though 

the lymphocytes actually internalized the virus. Based upon the frequency of certain HLA 

alleles, for example >20% with A1, A2 and A3 for Caucasians, a significant 

subpopulation of HMZ individuals (4-5% for each allele) would survive a severe 

pandemic if such intrinsic resistance to influenza did have survival benefit. However, it is 

a commonly held belief that there is a heterozygote advantage for our species, with the 

ability of a greater HLA polymorphism to handle a broader array of pathogen epitopes. If 

that is the case, it is difficult to explain the existence of very common HLA-A alleles that 

would in turn assure the existence of a significant HMZ population; in contrast, the HLA-

B locus is much more polymorphic.  This is true for both serologic and sequence typing.  

One frequently noted possibility is that those common HLA-A alleles are best suited for 

recognition of and response to the most important pathogens for the species. However, if 

one considers influenza an important pathogen, such an argument does not fit with the 

limited data that are available. For example, careful examination of the influenza-specific 

CD8 response in several panels of individual donors whose cells expressed HLA-A1, A2, 

and/or A3 showed that the majority of virus-specific response was restricted to HLA-B 

alleles and not to the common HLA-A alleles (24).  

We recognize that the intrinsic resistance of HLA-A HMZ lymphocytes may or 

may not actually represent a naturally selected characteristic with survival benefit for the 

species that balances the conceptual benefit of complete HLA polymorphism. However, 

its investigation certainly offers an opportunity to elucidate another mechanism for 
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cellular resistance to influenza virus infection that may provide direction for novel 

antiviral development.  

As described above, preliminary studies in our laboratory suggest that HMZ 

expression of HLA class I alleles may be associated with protection of lymphocytes 

against infection by H1N1 IAV.  There was absence of synthesis of viral proteins in the 

lymphocytes of A2 HMZ subjects, although monocytes of all subjects were infected.  

Long-term goal: To find an effective target for development of new treatment for IAV 

through the knowledge of the site of block to IAV replication (post-internalization to pre-

transcription).  Hypothesis: There is a block in the transport mechanism after 

endocytosis of the virus in the HLA-A HMZ lymphocytes before its release to the 

cytoplasm. 

The specific aim of the presented work was to determine if the resistance of 

lymphocytes is specific to HLA-A HMZ expression, or if it is evident with HLA-B HMZ 

as well.  At the same time, it also involved the study of the feasibility of different 

methods that could be used to identify the site of block to IAV replication.   

The approaches taken to accomplish these aims involved the use of flow 

cytometry and confocal microscopy to visualize newly synthesized hemagglutinin (H1) 

by the lymphocytes as an indication that the transcription was able to occur.   

The second method used was Western blot.  With this latter method the goal was 

to identify the newly produced (HA2) and the input and newly synthesized HA0 in the 

nuclear and cytoplasmic fraction of PBMC. These proteins were measured at 1h, 6h and 

18h in these two different compartments in lymphocytes exposed to sham and H1N1 

virus.  

The third method used was to detect virus replication by real time PCR.  PBMC 

were obtained at 1h and 4h after exposure.  Subsequently, lymphocytes were isolated 

with the use of immunomagnetic beads (Invitrogen).  Reverse transcription reactions 
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were performed using the hemagglutinin and neuraminidase primers for Influenza 

A/AA/Marton/43 H1N1 followed by real time PCR.  It was expected to see an increase in 

DNA amplification at 4h after IAV exposure. 

Lastly, immunoprecipitation with the H1 antibody after 
35
S radiolabeling of 

cells was performed.  PBMC of B HMZ/A HTZ and B HTZ/A HTZ healthy donors were 

exposed to IAV and sham for 1h. At 4h after exposure, they were pulse-labeled with 
35
S 

for 2h (in DMEM with labeled cysteine and methionine).  It was expected to find no 

evidence of H1 synthesis in the HLA-B HMZ/A HTZ donors to confirm prior studies 

performed in the laboratory with real time PCR. 
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CHAPTER THREE: DETERMINATION OF THE 

RESISTANCE OF LYMPHOCYTES TO IAV IN HLA-B 

HMZ DONORS  

INTRODUCTION 

Influenza A virus is one of the most common causes of respiratory tract infection 

in humans. In a typical year, 10-20% of the population in the United States is afflicted by 

the virus.   It is responsible for causing recurrent epidemics of febrile respiratory disease 

every 1 to 3 years.   

As it was described before, prior studies in our laboratory suggest that HMZ 

expression of HLA class I alleles (HLA-A) may protect the lymphocytes against infection 

by H1N1 IAV.   It is unclear if lymphocytes of HLA-A HTZ but HLA-B HMZ subjects 

will also demonstrate a resistance.   

The next step after these experiments would be to test the feasibility of different 

methods that could be used to identify the site of block to IAV replication in the 

population of HLA class I HMZ versus HTZ subjects.  As it was explained above, our 

studies that evaluated the internalization of FITC-labeled influenza virus by monocytes-

macrophages and lymphocytes showed that there was no difference in HLA class I HMZ 

or HTZ subjects in uptake of the virus.  This information leads us to think that the 

resistance presented by the lymphocytes would be explained by a block after 

internalization.   

It is in pandemics that genetic differences likely play an important role in 

susceptibility for the development of severe disease manifestations.  The presence of 

HLA-A HMZ and possibly HLA-B HMZ expression could play a protective role in the 

event of highly pathogenic influenza A virus infection. It is not clear what the benefit is, 

but a subpopulation of humans may avoid CD8-CD8 fratricide during a pandemic with a 

highly pathogenic virus.  The threat of a new pandemic is greater because existing 

vaccines and current therapies for influenza infection are limited.   The understanding of 
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the mechanism of lymphocyte resistance in HLA-A HMZ subjects could lead to 

alternative targets for development of new therapeutic approaches. 

MATERIAL AND METHODS 

Research Subjects 

A panel of HLA-B HMZ and HTZ subjects had been identified and was used as 

donors of leukocytes.  Informed consent was obtained.  Donors ranged in age from 18 to 

50 years of age.  Equal numbers of male and female subjects were used as volunteer 

donors.  It is expected that all donors have experienced past in vivo exposure to IAV.   

Virus preparation 

Influenza A/AA/Marton/43 H1N1 was grown in allantoic cavities of 10-day-old 

embryonated hen’s eggs.  The influenza virus pool was titered as plaque forming units 

(PFU)/ml using Madin Darby canine kidney (MDCK) cell assays (26, 27). 

Cell Collection 

Peripheral blood mononuclear cells of healthy adult donors (PBMC) were 

obtained by Ficoll-Hypaque sedimentation (26-28).  The cells were incubated overnight 

after isolation.  They were then exposed to IAV H1N1 for 1 h at 37ºC and then washed. 

Flow Cytometry and Confocal Microscopy 

After the PBMC from B HMZ/A HTZ and B HTZ/A HTZ healthy donors were 

isolated, they were incubated overnight and then were sham-exposed or exposed to 

influenza virus H1N1 for 1h at 37ºC. The cells were then washed and resuspended in 

RPMI with 10% fetal calf serum for 1h and 18h.  The cells were stained for surface 

expressed CD3 (antiCD3-PerCP).  A matched isotype control antibody was used to set 

analysis parameters.  Both antibodies were from BD Biosciences.  They were then fixed 

with Cytofix (BD Biosciences).  Subsequently, they were permeabilized with PermWash 

Buffer (BD Biosciences) as indicated by the standard protocol provided in their 

permeabilization kit.  Expression of influenza virus H1 was determined by indirect 



 

 - 16 -   

immunofluorescent staining using goat anti-H1(NIH Reference Reagent).  Cells were 

incubated in 20 µl of a 1:200 dilution of goat anti-influenza H1.  After this step, cells 

were washed with PBS in 2% fetal calf serum and stained with 20 µl of a 1:400 dilution 

of rabbit anti-goat FITC (Organon Teknika, West Chester, PA). 1 x 10
6 
cells were fixed 

with 4% paraformaldehyde (300 µl) prior to analysis. 

Analysis of lymphocytes was done by flow cytometric cell sorting on a Becton-

Dickinson FACSort as well as confocal microscopy.  The FACSort is a bench top cell 

sorter and a flow cytometer.  These systems have five detector cytometers with air cooled 

argon-ion lasers which excite at 488 nm and contain standard filters for the detection of 

fluorescein isothiocyanate (FITC), phycoerythrin (PE), phycoerythrin cychrome 5 (PE-

CY5) and peridinin chlorophyll protein (PerCP).  The sorter was prepared for aseptic cell 

sorting by cleaning the sheath tank and fluidics systems with 70% ETOH for 3h prior to 

cell sorting.  After cleaning, the fluidics were flushed with sterile water and then with 

DPBS prior to the sort.  Cell Quest software (Becton Dickinson, Mountainview, CA) was 

used for flow acquisition, sorting and analysis.  Thirty thousand cells from each sample 

were used for analysis.  For isolation of lymphocytes, forward versus side light scatter as 

well as phenotype staining for CD3 with PerCP was used for gating.  Analysis of H1 

positive cells was assessed by measuring the population of cells positive for FITC 

labeling.  

Confocal microscopy was subsequently used to visualize H1 positive cells.  1 x 

10
6 
cells were fixed with 4% paraformaldehyde (300 µl) prior to analysis.  The sample 

was diluted by adding PBS (300 µl).  Two hundred microliters of the solution were taken 

to prepare the slides using Cytospin.  DAPI was added to the preparations.  The cells 

were then examined using a Zeiss UV LSM510 META laser scanning confocal 

microscope. 

Western Blot 

PBMC from HTZ healthy donors were obtained by Ficoll-Hypaque 

sedimentation.  The cells were then sham-exposed or exposed to Influenza 
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A/AA/Marton/43 H1N1 for 1h at 37ºC. The cells were then washed and resuspended in 

RPMI with 10% fetal calf serum for up to 18h. The cells were collected at 1h, 6h and 

18h. Subsequently, the PBMC were fractionated (nuclear and cytosolic fraction) 

(Biovision Fractionation kit).  The nuclear fraction contained the nucleus, endosomes and 

mitochondria.  After SDS-PAGE, the polypeptides were electroblotted from the gel onto 

polyvinylidene difluoride 0.45 µm-pore-size membranes (Bio-Rad).  The membrane was 

washed with of Tris-buffered saline (TBS) and incubated overnight with antibody 

specific for H1N1 HA2 (mouse monoclonal from Santa Cruz at 1:500) and for H1 

hemagglutinin (goat polyclonal NIH reagent at 1:4000) in blocking buffer (5% non fat 

dry milk) at 4°C.  After washing with of TBS tween (0.2%, 0.1% and 0.01%), 

membranes were incubated in 2% non fat dry milk for 1 h with anti-mouse and anti-goat 

horseradish peroxidase-conjugated secondary antibodies (1:5000) at room temperature.   

Subsequently, visualization of positive bands with the Pierce (Rockford, Ill.) enhanced 

chemiluminescence (ECL) procedure was done by using Kodak BioMax film. 

Real Time PCR 

PBMC from B HMZ/A HTZ and B HTZ/A HTZ healthy donors were obtained by 

Ficoll-Hypaque sedimentation and then incubated overnight.  The cells were then sham-

exposed or exposed to IAV H1N1 for 1h at 37ºC. The cells were then washed and 

resuspended in RPMI with 10% fetal calf serum for up to 4h. The cells were collected at 

1h and 4h.  Subsequently the lymphocytes were isolated from the samples using 

immunomagnetic beads (negative CD3 isolation kit from Invitrogen).  RNA purification 

was then performed using the RNeasy kit from Qiagen.  Access RT-PCR kit from Qiagen 

was used for reverse transcription. Reverse transcriptase reactions contained 10µl 

AMV/Tfl 5X Reaction Buffer, 1µl dNTP Mix, random hexamers, 2µl 25mM MgSO4, 1 

µl AMV Reverse Transcriptase (5u/µl), 1µl Tfl DNA Polymerase (5u/µl), 25 µl RNA 

extract.  DNA amplification was then performed using the hemagglutinin and 

neuraminidase primers for Influenza A/AA/Marton/43 H1N1.   The primer sequences for 

hemagglutinin (HA) and neuraminidase (NA) were: 
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HA  Forward      CCCAAACACAACACAACCAG 

HA  Reverse       GCAAGGTCCAGTAATAGTTCATCC 

NA  Forward      GTCTGAATGTGCCTGCGTAA 

NA  Reverse       CAGTTGCCTTTTCCATCTTTG    

 Reverse-transcriptase reactions were performed at 45°C for 45 min.  Five 

microliters of the cDNA were then used for amplification in the standard PCR assay that 

was carried out in the Applied Biosystems 9800 Fast Thermal Cycler.   The PCR 

reactions (total volume 25 µL) included ddH2O, MgCl2 6µl, 10X Buffer 5, dNTP, primer 

mixes.  The product was analyzed on a 1.5% agarose gel.  There was evidence of a 300 

base pairs (bp) product compatible with the predicted size of PCR products using 

neuraminidase and hemagglutinin primers in the virus exposed lanes while it was absent 

in sham.   Subsequently, real-time PCR was performed.  The real-time PCR reactions 

(total volume 25 µl) contained 2 µl of cDNA and 23 µl
 
of a reaction mixture containing 

2.4 mM MgCl2, 2 µl of
 
Faststart DNA SYBR Green 1 master mix and

 
0.3 mM primer 

mixes.  The thermal profile used was initiated at 95°C for 10 minutes (preamplification 

hot start), followed by 50 cycles of PCR at 95°C for 10 seconds (denaturation), 56°C for 

15 seconds (annealing), and 72°C for 1 minute (extension). At the end of each annealing 

step, the fluorescent signal of each reaction was recorded. Precautions were taken to 

prevent cross-contamination of PCR. The results of fluorescent values and melting 

temperature analysis were calculated using ABI Prinson 7000 sequence detection 

software, version 3. 

35
S Labeling/SDS PAGE (Polyacrylamide gel electrophoresis) 

PBMC from HLA-B HMZ/A HTZ and HLA-B HTZ/A HTZ healthy donors were 

obtained by Ficoll-Hypaque sedimentation and then incubated overnight.  The samples 

were then exposed (sham HTZ, IAV HTZ, shaZ, IAV HMZ) for 1h.  They were then 

washed with PBS and subsequently resuspended in RPMI with 10% FCS and incubated 

for 2.5h.  The lymphocytes were then isolated from each sample using immunomagnetic 

beads (negative CD3 isolation kit from Invitrogen).  The samples were then washed with 
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DMEM without cysteine and methionine.  Next the cells were resuspended in DMEM 

with labeled 
35
S-cysteine and 

35
S-methionine (175 µCi ) from Perkins Elmers and pulsed 

for 2h duration (ie, for 4-6h post infection).  The cells were then rinsed twice with PBS 

and treated with lysis buffer (70µl), mixed with protease inhibitor cocktail and PMSF.  

The cells were then washed and subsequently incubated with 1.5µl of anti-H1 (NIH 

Reference Reagent) and 30µl of Staph protein A Sephadex beads (previously diluted) 

overnight at 2-8ºC.  The cells were then washed 3 times and then spun at 6000xg for 1 

minute.  The polypeptides were initially boiled with a loading buffer for 5 minutes at 

96°C and then electrophoresed in a 4-20% polyacrylamide gel (Biorad). IAV virion 

protein was used as a control.  A molecular weight marker kit from Invitrogen was used.  

After electrophoresis, the gel membrane was fixed with 10% methanol for 3h and then 

vacuum dried for 2h. Subsequently, visualization of the bands was done by using Kodak 

BioMax film. 

RESULTS 

Flow Cytometry and Confocal Microscopy 

H1 was stained in lymphocytes to detect the synthesis of newly synthesized H1 

in IAV exposed cells. Flow cytometry and confocal microscopy were used for its 

visualization.  In order to assess if this positive staining was attributed to newly 

synthesized viral proteins versus input virus detection, experiments were conducted at 1h 

after infection as well as at 18h after infection.  While sham was negative, there was no 

difference in the percentage of cells with a positive fluorescent staining for H1 between 

the HLA-B HMZ/A HTZ and HLA-B HTZ/A HTZ donors at 1h as well as at 18h.   

 There was no clear increase in either the HMZ or the HTZ donors (see figure 

2). Hence, it was evident that there was staining of input virus in both samples that 

interfered with the analysis of the staining of newly synthesized viral proteins.  It was 

concluded that the staining of H1 was going to be present even in the absence of 

synthesis of H1, as it was positive as early as 1 h where no synthesis had yet occurred. 

The explanation is that the cells would have endocytosed the virus particles (infectious or 
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non infectious), and the staining would not be able to tell the difference since it would 

equally stain the H1 contained in the infectious and the non infectious viruses.  

 

A                                                        B 

                 

C                                                         D 

                 

 

Figure 2: H1 staining of PBMC of B HMZ/A HTZ and B HTZ/A HTZ donors after 18h 

of sham and IAV exposure. A: sham-exposed B-HTZ,  B:  sham-exposed B-HMZ,  C: 

IAV-exposed B-HTZ,   D: IAV-exposed B-HMZ.  Stains: DAPI-nucleus,  FITC-H1, 

PerCP-CD3. Figures A, B and C were taken at 200X magnification.  Figure D was taken 

with a 300X magnification. 

Western Blot 

To overcome the confounding effects of detecting input virus of cells and to be 

able to detect newly synthesized virus protein, it was decided to perform Western Blot.  

Since HA2 should not be present until the virus would be able to reach to late endosomes 

that should undergo acidification for the fusion to occur, it was decided to measure its 

presence at 1h, 6h and 18h.  We also measured the presence of HA0 in the nuclear and 

cytoplasmic fractions.   The lane with the virus alone (as a control) had H0 as expected, 
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but unexpectedly had evidence of a band (30 kDa) for HA2.  These bands, (75 kDa and 

30 kDa corresponding to HA0 and HA2 respectively), were present as well in the 

exposed nuclear fractions of the PBMC at 1h, 6h and 18h while the sham was negative 

(see figure 2).  The presence of a cleaved HA in the input virus was a confounder in using 

this method to measure acidification. 

1        2        3        4       5        6        7        8 9       10

148 kDa

60 kDa

42 kDa

30 kDa

 

Figure 3: Western blot of PBMC sham and IAV H1N1 exposed at 1h, 6h and 18h 

Lane 1: virus, lane 2: sham exposed cytosol, lane 3: sham exposed nucleus, lanes 4, 6, 8:  

IAV exposed cytosol at 1, 6 and 18h, lanes 5, 7, 9: IAV exposed nucleus at 1, 6 and 18h.   

HA0:77 kDa   HA1:55 kDa   HA2:30 kDa 

 

Real Time PCR (RT-PCR) 

To overcome the drawbacks of the Western blot analysis real time PCR was 

performed.  The RT-PCR showed negative results for sham.  The B HTZ/A HTZ donor 

showed an amplification of the synthesis of hemagglutinin gene of 2.6 times at 4h 

compared to 1h while the B HMZ/A HTZ donor showed a decrease -3.18 of the number 

of copies of hemagglutinin at 4h compared to 1h (see figure 3, and table 1).  When the 

amplification of neuraminidase was measured, we found that in a lesser degree, the B-

HTZ/A HTZ donor showed an increased amplification of the synthesis of neuraminidase 

at 4h compared to 1h (1.46 times), while the B-HMZ/A HTZ donor showed a decrease of 
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the number of copies (-2.28) at 4h compared to 1h (see figure 4, table 2).  The B-HMZ/A 

HTZ donor showed a decrease in the number of copies for both the hemagglutinin and 

neuraminidase genes that is indicative of a lack of replication of the virus and a 

degradation of the virus with time. These results suggest that the HLA-B HMZ/A HTZ 

subjects behave similarly to the HLA-A HMZ/B HTZ patients, showing that this intrinsic 

resistance of lymphocytes to infection is present in different HLA class I homozygous 

phenotypes. 

sham

1h

4h

Heterozygous - Hemagglutinin Homozygous - Hemagglutinin

sham

4h

1h

sham

1h

4h

Heterozygous - Hemagglutinin Homozygous - Hemagglutinin

sham

4h

1h

 

Figure 4: RT-PCR of IAV H1 in lymphocytes after sham and IAV exposure. 

Cells were exposed for 1h at 37ºC. After being washed they were incubated in RPMI 

with 10% fetal calf serum for up to 4h. The cells were collected at 1h and 4h. Then RNA 

was prepared as described in the methods section. RT-PCR was then performed to detect 

the presence of IAV genomes. Left panel shows an increase in the amplification of  

hemagglutinin at 4 h (green line showing an earlier amplification) compared to 1 h.  The 

right panel shows a decrease in the amplification of hemagglutinin at 4 h (blue line 

showing later amplification) compared to 1 h. 
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sham

1h

4h

Heterozygous - Neuraminidase

Homozygous- Neuraminidase

sham

4h

1h

 
Figure 5: RT-PCR of IAV N1 in lymphocytes after sham and IAV exposure 

Cells were exposed for 1h at 37ºC. After being washed they were incubated in RPMI 

with 10% fetal calf serum for up to 4h. The cells were collected at 1h and 4h. Then RNA 

was prepared as described in the methods section. RT-PCR was then performed to detect 

the presence of IAV genomes. Left panel shows an increase in the amplification of  

neuraminidase at 4h (blue line showing an earlier amplification) compared to 1h.  The 

right panel shows a decrease in the amplification of neuraminidase at 4h (blue line 

showing later amplification) compared to 1h. 

 

 ct ∆ct ∆∆ct  

Sham 39.3 8.87 0  

B-HMZ 1h 36.8 4.3 0  

B-HMZ 4h 38.3 5.97 1.67 -3.18 

B-HTZ 1h 37 3.09 0  

B-HTZ 4h 36.2 1.71 -1.38 2.6 

Table 1: Real time PCR of IAV H1 in lymphocytes after sham and IAV exposure. 

ct: cycle threshold    ∆ct: delta cycle threshold    ∆∆ct: delta delta cycle threshold 

The B-HTZ donor showed an amplification of the synthesis of hemagglutinin gene of 2.6 

times at 4h compared to 1h while the B-HMZ donor showed a decrease of -3.18 of the 

number of copies of hemagglutinin at 4h compared to 1h. 
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 ct ∆ct ∆∆ct  

Sham 38.72 8.29 0  

B-HMZ 1h 34.01 1.51 0  

B-HMZ 4h 35.03 2.7 1.19 -2.28 

B-HTZ 1h 35.48 1.57 0  

B-HTZ 4h 35.51 1.02 -0.55 1.46 

Table 2: Real time PCR of IAV N1 in lymphocytes after sham and IAV exposure. 

ct: cycle threshold ∆ct: delta cycle threshold    ∆∆ct: delta delta cycle threshold 

The B-HTZ/A HTZ donor showed an increased amplification of the synthesis of 

neuraminidase at 4h compared to 1h (1.46 times), while the B-HMZ/A HTZ donor 

showed a decrease of the number of copies (-2.28) at 4h compared to 1h. 

 

35
S Labeling + SDS-PAGE 

In order to confirm the results obtained by RT-PCR we decided to use 
35
S 

labeling.  This is a more specific technique that would allow me to detect only the newly 

synthesized proteins that the lymphocytes would produce after IAV exposure.  After 

overnight exposure of the Kodak BioMax film to the radiolabeled gel, there was evidence 

of a band compatible with H1 (77 kDa) in the lymphocytes of the HLA-B HTZ/A HTZ 

donor exposed to IAV.  There was absence of such band in the sham of both donors 

(HLA-B HMZ/A HTZ and HLA-B HTZ/A HTZ) and in the lymphocytes of the HLA-B 

HMZ donor.  See figure 5. 

DISCUSSION 

With the first specific aim work was performed to try  to determine if the 

resistance of lymphocytes was specific to HLA-A HMZ expression, or if it was evident 

with HLA-B HMZ as well.  In order to try to confirm this hypothesis, several steps were 

followed since the first techniques used were not able to determine this.  When flow 
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cytometry and confocal microscopy were used to evaluate newly synthesized H1, there 

was evidence of staining of input virus in both samples.  The positive staining as early as 

1h was interpreted as staining of input virus after prior studies in our laboratory that have 

 
Figure 6:  

35
S labeling of lymphocytes 4-6h after sham and IAV-exposure 

Lanes 1 and 2: sham and IAV exposed lymphocytes of an HLA B HTZ donor. Lanes 3 

and 4:  sham and IAV exposed lymphocytes of an HLA B HMZ donor.  Arrow 

indicates band comigrating with size similar to cleaved HA1. 

 

shown that the synthesis of H1 starts at approximately 2-4h after exposure. The staining 

of input virus interfered with the analysis of the staining of newly synthesized viral 

proteins.  This precluded the use of this method.  With regard to considering this method 

as a possible alternative to finding a block to infection after viral internalization, it was 

found that the images obtained with confocal microscopy, even at higher resolutions, 

with a small cytoplasmic area of the lymphocyte, would make the possibility of tracking 

of labeled virus inside the cell very difficult.   

Western blot was used to identify the newly produced (HA2) and the input and 

newly synthesized HA0 in the nuclear and cytoplasmic fraction of lymphocytes.  It was 

expected the presence of HA2 in the nuclear fraction (includes endosomes, 

mitochondria), to be indicative of the occurrence of fusion. By this phenomena, the virus 
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would have been able to arrive to late endosomes and the pH should have been able to 

drop.  Contrary to expectation, there was evidence of a HA2 band in the positive virus 

alone control, as well as at 1h and at 4h.  The evidence of a cleaved hemagglutinin (HA2) 

even in the virion protein was indicative of the presence of proteases in the input virus. A 

decrease in the intensity of the band corresponding to H0 from 1h to 6 h was also 

observed but remained at 18h.  Again, it was mostly contributed from the input virus.   

RT-PCR was then performed.  With this method, there was an increased number 

of copies of hemagglutinin in the heterozygous patient at 4h compared to 1h, while there 

was a decrease in the homozygous patient at such time.  As can be seen in table 1, there 

was a similar although lesser trend for neuraminidase.  These results show that there is a 

similar behavior in HLA-B homozygous donors as seen in HLA-A homozygous patients, 

where there was an inability for the virus to undergo transcription. They show that this 

intrinsic resistance of lymphocytes to infection is present in different HLA class I 

homozygous phenotypes aside from the common HLA-A alleles.   

With the information gathered with this method, it is possible that for the future 

studies, this will be a very good alternative to assess the site of block of infection.  Very 

useful information would be obtained measuring the amount of RNA in the different 

fractions (endosomal fraction, nuclear fraction, cytoplasmic fraction) with sucrose 

gradient separation at different timepoints after IAV exposure.   

In order to confirm the results obtained by PCR, 
35
S labeling of an HLA B 

HMZ/A HTZ and an HLA B HTZ/A HTZ donor was performed.  With this method,  the 

evidence of IAV transcription in the lymphocytes of the HLA- B HTZ donor was 

confirmed but there was no evidence of labeled H1 in the lymphocytes of the 

homozygous donor.   

From my experience, I have learned the advantages and disadvantages of using 

these different techniques.  The use of techniques such as PCR and the more specific 
35
S 

labeling let me to surpass the difficulty from the presence of input virus.  The use of a 

high titer virus would also improve the specificity of the tests performed.  I learned that 
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due to the small size of the cytoplasm of the lymphocyte, it would be difficult to track the 

virus to look for the site of block.   

The findings of resistance of the lymphocytes of different HLA class I phenotypes 

to infection by influenza virus is an interesting phenomena.  As was mentioned above, 

HLA polymorphism has been considered to give protection to the species.  The A and B 

loci differ in their degree of polymorphism, as it was explained before, but nevertheless 

both seem to appear protective.  It might be that this homozygocity is associated  to 

another phenotypic characteristic that could be responsible for this resistance and  is still 

not evident, or by itself could be protective by a mechanism still not elucidated.  In spite 

of that, the finding of this resistance could lead us to find a possible site of block by the 

use of PCR and, with such a discovery, could lead to the study of new targets for 

treatment. 
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