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Abstract
Recent advances in the field of molecular clonotype analysis have enabled detailed repertoire
characterization of viably isolated antigen-specific T cell populations directly ex vivo. However, in
the absence of a biologically contained FACS facility, peripheral blood mononuclear cell (PBMC)
preparations derived from patients infected with agents such as HIV must be formaldehyde fixed to
inactivate the pathogen; this procedure adversely affects nucleic acid template quality. Here, we
developed and validated a method to amplify and sequence mRNA species derived from
formaldehyde fixed PBMC specimens. Antigen-specific CD8+ cytotoxic T-lymphocyte populations
were identified with standard fluorochrome-conjugated peptide-major histocompatibility complex
class I tetramers refolded around synthetic peptides representing immunodominant epitopes from
HIV p24 Gag (KRWII[M/L]GLNK/HLA B*2705) and CMV pp65 (NLVPMVATV/HLA A*0201
and TPRVTGGGAM/HLA B*0702), and acquired in separate laboratories with or without fixation.
In the presence of proteinase K pre-treatment, the observed antigen-specific CD8+ T-cell repertoire
determined by molecular clonotype analysis was statistically no different whether derived from fixed
or unfixed PBMC. However, oligo-dT recovery methods were not suitable for use with fixed tissue
as significant skewing of clonotypic representation was observed. Thus, we have developed a reliable
RNA-based method for molecular clonotype analysis that is compatible with formaldehyde fixation
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and therefore suitable for use with primary human samples isolated by FACS outside the context of
a biological safety level 3 containment facility.
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Introduction
Observations in both primate and murine models indicate that quality, as well as magnitude,
can impact upon the effectiveness of antiviral CD8+ cytotoxic T-lymphocyte (CTL) responses
(Price, 2004; Cornberg et al., 2006). One determinant of this quality is the nature of the cognate
T-cell receptor (TCR) repertoire within the responding population. Virus-specific CTL
populations can easily be identified directly ex vivo by flow cytometry after labelling with
peptide-major histocompatibility complex (MHC) class 1 tetramers (Altman et al., 1996;
Appay and Rowland-Jones, 2002). To characterise the diversity of these specific populations,
investigators have employed phenotypic identification of antigen-specific T-cells using
tetramers in combination with TCR ß-chain variable region-specific monoclonal antibodies.
These techniques have since been superseded by PCR-based molecular methods such as
‘immunoscope’ and CDR3 junction sequence analysis of expressed TCR genes from purified
populations isolated using fluorescence-activated cell-sorting (FACS) (Douek et al., 2002; Lee
et al., 2002; Rufer, 2005). These technical advances allow high resolution decryption of the
nature and breath of the clonal response to individual antigens and highlight that clonality can
no longer simply be equated to a detectable expansion of cells as defined by a single Vß-specific
monoclonal antibody (Maryanski et al., 1999; Lim et al., 2002; Price et al., 2004).

The isolation and purification of primary tissue by FACS poses a risk of operator exposure to
pathogens due to the generation of aerosolised particles (Perfetto et al., 2003). Samples of
interest may be derived from individuals infected with pathogens such as the human
immunodeficiency virus (HIV), hepatitis C virus (HCV) or pathogenic Mycobacteria. In such
cases, the only option for high purity isolation of these cells is to use a dedicated biologically
contained cell sorter within a level-3 biological containment facility. This is an expensive
solution available to only a small proportion of research institutes. For certain applications,
contained sorting of antigen-specific cells can be achieved using alternative methods such as
peptide-MHC class 1 proteins conjugated to magnetic beads. This method allows for the safe
manipulation of samples within a class-2 bio-safety cabinet. However, in the context of TCR
analysis, the relatively poor purity of such preparations leads to spurious results with respect
to the breadth and complexity of the repertoire (Kelleher AD, Price DA, unpublished
observations). Hence, our primary technical aim in this study was the effective purification by
FACS and subsequent reliable molecular clonotypic analysis of antigen-specific T-cells
isolated from primary human material without using biological containment.

The risk associated with the sorting of infected material is removed through formaldehyde
fixation in conjunction with universal safety precautions (Schmid et al., 1999). This chemical
fixative has been used as standard practice in analytical flow cytometry, allowing safety of the
operator without the requirements for physical/biological containment (Lifson et al., 1986;
Martin et al., 1987; Nicholson et al., 1993; Nicholson and Browning, 1994). The potent
electrophilic reactivity of this compound fixes intra- and extra-cellular proteins and nucleic
acids without altering the fluorescent properties of most standard fluorochromes. Furthermore,
the small size of this compound allows for rapid diffusion and preservation of treated samples
for several days. To achieve our research aim, we explored a methodology incorporating a
formaldehyde fixation step to inactivate potential pathogens combined with FACS isolation
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of cells. We first determined the conditions required for effective fixation and inactivation of
high-titre HIV-1 using formaldehyde. The limitation to this methodology is that formaldehyde
profoundly interferes with the recovery nucleic acids, particularly RNA, using standardized
methods (Diez et al., 1999; Masuda et al., 1999; Byers et al., 2004). To overcome these
limitations, we have developed a method of recovering full-length mRNA template of high
purity and quality from small numbers of formaldehyde-fixed antigen-specific CD8+ T-cells.
Comparisons with paired samples isolated without fixation demonstrated that this methodology
can be used for accurate and precise characterisation of the TCR repertoire, as determined by
TRB CDR3 sequencing, from primary human samples without the need for a contained flow
cytometric cell-sorting facility.

Materials and methods
Informed consent

Donors of peripheral blood samples provided informed consent according to local ethical
guidelines with appropriate Institutional Review Board approval.

Peripheral blood mononuclear cell (PBMC) preparation
PBMC were isolated from acid-citrate dextrose anti-coagulated blood by standard density
gradient centrifugation using Ficoll-Hypaque (Amersham Pharmacia). Cells were washed
twice in RPMI-1640 medium supplemented with penicillin (100U/ml), streptomycin (100μg/
ml) and glutamine (2mM), counted and then cryopreserved in 90% fetal calf serum (FCS)/10%
dimethyl sulfoxide (JRH Biosciences) using a controlled rate freezer prior to storage in liquid
nitrogen.

Assessment of RNA quality
RNA isolated from PBMC was assessed for quality according to the manufacturer's instructions
using the Agilent 2100 Bioanalyzer and accompanying software (Agilent Technologies, Palo
Alto, CA) with an RNA 6000 reference ladder (Ambion, Austin, TX).

HeLa/CD4/CCR5/CXCR4 (MAGIC-5) cell line infection with HIV-1 (NL4.3)
HeLa cells expressing human CD4, CCR5 and CXCR4 co-receptors (MAGIC-5) were
maintained and infected with NL4.3 at an MOI of 25 as previously described (Hachiya et al.,
2001). At day 3, once infection was established, aliquots of 1×105 cells were fixed by
incubation for 60 minutes in varying concentrations of formaldehyde (0.0, 0.05, 0.1, 0.25 and
0.5% v/v) in PBS. Cells were then washed in PBS and transferred into a flask of uninfected
MAGIC-5 cells for co-culture. Aliquots of supernatant were periodically tested over 22 days
for the presence of the HIV-1 reverse transcriptase (RT) enzyme as previously described
(Suzuki et al., 1995).

FACS analysis of antigen-specific CD8+ T-cells
Isolation of CD8+ antigen-specific T-cell populations by flow cytometry was performed in
two separate facilities. Populations from healthy donors were isolated using a Becton
Dickinson (BD) FACS Vantage-SE cytometer located at the St Vincent's Hospital Research
Campus Core Flow Cytometry Suite. Cells specific for the CMVpp65 HLA B*0702-restricted
epitope TPRVTGGGAM (TPR) from a healthy HIV uninfected donor (CPD) were sorted
locally with and without formaldehyde fixation. Cells specific for the HIV p24 Gag HLA
B*2705-restricted epitope KRWIILGLNK or its major variant KRWIIMGLNK (KRL/M), and
cells specific for the CMVpp65 HLA A*0201-restricted epitope NLVPMVATV (NLV), were
isolated with or without fixation from two HIV infected patients (057, 012) using a BD FACS
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Aria located in a biological safety level III (BSL-3) facility at the Vaccine Research Centre
(VRC, NIH).

Monoclonal antibodies with the following specificities [clone] were used for flow cytometry
at the St Vincent's Hospital Centre for Immunology (CFI): CD3-PerCP [SK7], CD8-FITC
[SK1] (BD Biosciences) or CD8-ECD [SFCI21Thy2D3] (Beckman Coulter). Subsets of CD8
+ T-cells were enumerated for TCR expression using FITC-conjugated antibodies specific for
TCR Vß chains 1 [BL37.2], 2 [MPB2D5], 3 [CH92], 5.1 [IMMU157], 7 [ZOE], 8 [56C5.2],
11 [C21], 12 [VER2.32.1], 13.1 [IMMU222], 13.6 [JU74.3], 14 [CAS1.1.3], 16
[TAMAYA1.2], 17 [E17.5F3.15.13], 20 [ELL 1.4], 21.3 [IG125] or 22 [IMMU546]
(Immunotech, Beckman Coulter). Monoclonal antibodies with the following specificities
[clone] were used for flow cytometry at the VRC: CD8 [RPA-T8] (Invitrogen) conjugated to
Q-dot 705 (Quantum Dot Corporation); CD14 [M5E5] (Invitrogen) and CD19 [internal VRC
clone] conjugated to Pacific Blue together with violet amine reactive viability dye (ViViD;
Invitrogen) were used to gate out irrelevant cells.

PBMC were thawed and washed in warm RPMI-1640 medium supplemented with penicillin
(100U/ml), streptomycin (100μg/ml), glutamine (2mM) and 10% FCS (R10); viability was
assessed with trypan blue staining. Sample preparation at the VRC comprised: incubation of
PBMC with tetramers at 37°C for 20 minutes, followed by a wash with PBS and labelling with
CD8 Q-dot 705, CD14-Pacific Blue and CD19-Pacific Blue monoclonal antibodies for 15
minutes at 4°C, followed by a second wash in PBS and staining with viability dye for 15 minutes
before a final PBS wash and re-suspension in sort buffer. Sample preparation at the CFI
comprised: incubation of PBMC with tetramers at 37°C for 20 minutes, followed by staining
with CD3-PerCP and CD8-FITC/ECD at 4°C for 20 minutes, then a single wash with PBS
prior to resuspension in sort buffer. Sort buffer consisted of PBS containing 1mM EDTA,
25mM HEPES (Gibco) and, where required, 1% (v/v) paraformaldehyde (Electron Microscopy
Science, PA).

Cells collected at the VRC BSL-3 containment facility were gated via the small lymphocyte
subset (forward scatter [FSC] versus side scatter [SSC]), followed by positive selection of CD8
+ cells separated against negative selection of CD14, CD19 and viability dye positive cells
(dump channel). Tetramer-labelled CD8+ cells (PE or APC) were collected directly into
RNAlater as described previously (Price et al., 2004). The gating strategy used at the CFI
differed from the above by firstly gating via FSC-A vs. FSC-H to remove doublets, then on
the small lymphocyte subset, followed by positive selection of CD3+CD8+ T-cells. Tetramer-
labelled CD3+CD8+ cells (PE) were gated and collected directly into an empty RNAse-free
micro tube.

Preparation of peptide-MHC class I tetrameric complexes
Tetramers were prepared as described previously (Altman et al., 1996; Ogg et al., 1998).
Briefly, tetramers presenting CMVpp65 epitopes were generated using either the HLA
B*0702-restricted peptide TPRVTGGGAM (TPR) or the HLA A*0201-restricted peptide
NLVPMVATV (NLV). HIVp24 Gag tetramers were generated using both variants of the HLA
B*2705-restricted epitope KRWII(L/M)GLNK (KRL/M). Monomeric complexes were
conjugated to streptavidin-R-phycoerythrin (R-PE) or streptavidin-allophycocyanin (APC)
from ProZyme (Oxford GlykoSciences Ltd or Molecular Probes, Invitrogen). Aliquots of
tetramers from the same monomer stock conjugated to either R-PE or APC were titrated so
that similar results were obtained from either preparation.
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Recovery of total RNA from sorted samples using Trizol reagent (CFI)
Fixed specimens were sorted directly into an RNAse-free 1.5mL micro tube and then
centrifuged at 500g for 30 seconds. Recovery of total RNA from fixed specimens involved re-
suspension in 200μL ice-cold lysis buffer consisting of 50mM Tris, 100mM NaCl, 5mM
MgCl2, 0.5% Nonidet P-40 (USB), 40U Protector RNAse Inhibitor (Roche) and 1mM
dithiothreitol (DTT) (Invitrogen). Sodium dodecyl-sulfate (Sigma Aldrich) was added to a final
concentration of 0.5%, followed by 100μg Proteinase K (Roche). This was mixed, centrifuged
at 12000g for 30 seconds and then incubated on a dry heating block at 55°C for 60 minutes.
Samples were then cooled and centrifuged at 500g for 30 seconds at 4°C; monophasic phenol/
guanidine isothiocyanate (Trizol-LS reagent; Invitrogen), referred to as Trizol from hereon,
was then added at a 3:1 ratio to lysis buffer (v/v). Samples were mixed gently and incubated
at room temperature for 5 minutes. To separate the phases, 200μL of chloroform (Sigma) was
added and mixed thoroughly for 15 seconds, settled for 3 minutes at room temperature, then
centrifuged at 12000g for 15 minutes. To precipitate RNA, 10μg of glycogen (Roche) and an
equal original volume of 2-propanol was added and incubated on ice for 10 minutes; RNA was
pelleted by centrifugation at 12000g for 10 minutes, washed with 1mL cold 70% EtOH,
centrifuged at 7600g for 5 minutes and then dried for 10 minutes at 37°C. RNA was then
resuspended in 20μL DEPC water pre-heated to 60°C and incubated at 60°C for a further 5
minutes. Samples were cooled on ice prior to freezing at −70°C.

Recovery of messenger RNA from sorted samples using oligo-dT beads (VRC)
Direct mRNA recovery from formaldehyde-fixed specimens using oligo-dT beads (Oligotex
kit, Qiagen) involved re-suspension in a urea/SDS-based lysis buffer consisting of 700mM
urea (Sigma), 500mM NaCl, 50mM HEPES (pH 7.3), 1% SDS, 10mM DTT, 40U Protector
RNAse inhibitor and 100μg Proteinase K. Samples were treated in urea/SDS lysis buffer at
55°C for 60 minutes and centrifuged at 14000g for 3 minutes. To isolate mRNA, the sample
was mixed with 20μL oligo-dT beads and mRNA recovered according to manufacturer's
instructions.

Specimens without formaldehyde treatment were sorted into 100μL RNAlater (Ambion) prior
to RNA recovery using the CFI or VRC methods. Samples were processed in accordance with
the manufacturers' instructions.

Amplification of expressed TRB genes
First-strand cDNA template generated from random primers used a reaction mix containing
1.2μg random hexamer primers and 2.5mM dNTP (both Invitrogen), 40U Protector RNAse
Inhibitor, Expand RTase buffer, 10mM DTT, and 1μL Expand reverse transcriptase (all
Roche). Template was incubated for 60 minutes at 42°C before storage at −20°C.

TRBV3-specific amplification was performed using BV3 (5' –
TCTAGAGAGAAGAAGGAGCGC – 3') and BC (5' – CTTCTGATGGCTCAAACAC – 3')
primers at 500nM, Expand Hi-Fidelity PCR buffer, 250nM dNTPs and 3U Expand Hi-Fidelity
DNA Polymerase (Roche). PCR conditions were 94°C for 2 minutes, 35 cycles at 94°C for 15
seconds, 54°C for 30 seconds and 72°C for 1 minute with a final extension period of 72°C for
10 minutes.

Unbiased TRB first-strand cDNA template was generated using a non-nested anchored
template-switch RT-PCR with a 3' TRB constant region primer (5' –
TTCTGATGGCTCAAACACAGCGAC – 3') as described previously (Douek et al., 2002).
Conditions for thermal cycling were 94°C for 30 seconds, 5 rounds at 94°C for 5 seconds, 72°
C for 2 minutes, 5 rounds at 94°C for 5 seconds, 70°C for 10 seconds, 72°C for 2 minutes and
35 rounds at 94°C for 5 seconds, 68°C for 10 seconds, 72°C for 2 minutes. Product amplified
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from sorted cells was visualised on a 2% agarose gel and purified. Purified product was ligated
into either a TOPO-TA cloning vector (Invitrogen) and transformed into chemically competent
TOP10 E.coli (CFI), or ligated into a pGEMT easy vector (Promega) and transformed into
E.coli DH5α (VRC). Colonies were selected by blue/white screening and carriage of inserts
was confirmed by PCR amplification of inserts using generic M13 primers. A minimum of 50
clones was sequenced per sample using a BigDye v3.1 sequencing reaction on an ABI 3730xl
capillary sequencing machine (AB systems).

Clonotype identification
Subsets of CD8+ T-cells identified by flow cytometry for TCR expression using antibodies
and primers specific for TCR Vß chains were designated according to the nomenclature of
Arden (Arden et al., 1995). Sequences derived from unbiased TCR amplification were aligned
using Sequencher (Gene Codes Corporation) and clonotype identity confirmed using the
Immunogenetics online sequence analysis algorithm (IMGT, the international
ImMunoGeneTics information system® http://imgt.cines.fr (Initiator and coordinator: Marie-
Paule Lefranc, Montpellier, France)). Sequence analysis and presented clonotype data are
based on amino acid alignment of the expressed TRB gene products. There were no or only
rare incidences of multiple nucleotide sequences encoding the same product.

Statistical analysis
The similarity between paired sequence data sets was quantified using the Morisita-Horn
similarity index (C-MH) (reviewed in (Magurran, 2003)), which accounts for both the variation
of clonotypes and the number of copies of each clonotype. The statistical significance of the
similarity measure between each pair of sequence data sets was determined using a
randomisation test (Venturi et al., 2007). The p-value associated with each similarity measure
represents the probability that a similarity less than or equal to the observed similarity could
have been obtained by chance (i.e. the p-value indicates wether the two samples are
significantly different).

Results
Inactivation of high titre HIV-1 in MAGIC-5 cell culture by formaldehyde fixation

To assess the efficacy of viral inactivation with formaldehyde treatment at various
concentrations, measurements of viral replication in MAGIC-5 cell co-culture supernatant
were collected up to day 22 after seeding with treated cells or controls, after which time the
experiment was terminated (Figure 1). RT enzyme was detectable in the positive control culture
(PC) at all time points, increasing from 58pg/mL at day 7 to >12000pg/mL at day 15.
Undetectable activity levels were observed in supernatants at all time points from the negative
control (NC) at no greater 0.41pg/mL. The 0.25% and 0.5% formaldehyde treated cultures
were below this cut-off at 0.21pg/mL for all time points measured. When formaldehyde
concentrations were reduced further, cultures treated with 0.10% formaldehyde displayed no
detectable RT enzyme activity before day 18 (29pg/mL); cultures treated with 0.0% and 0.05%
formaldehyde exhibited undetectable RT activity before day 15 (10 and 30pg/mL,
respectively). At day 22, the presence of HIV-1 virus replicating within these cultures (2401pg/
mL for 0.05% and 4783pg/mL for 0.0% formaldehyde fixation) was coincident with syncytia
formation (data not shown). Thus, from these data, we did not detect HIV-1 RT in MAGIC-5
cell cultures fixed at concentrations above 0.25% formaldehyde (v/v). Since a minimum
concentration of 0.25% is therefore required for effective HIV-1 inactivation, the use of 1.0%
(v/v) formaldehyde should introduce a robust safety margin for cell sorting by flow cytometry.
A standardized operating procedure was developed for use in conjunction with universal safety
precautions (Schmid et al., 1997;Schmid et al., 1999;Perfetto et al., 2004). This procedure was
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approved by the local Institutional Biosafety committee prior to commencement of sorting
experiments.

Qualitative assessment of RNA recovery from fixed samples
Lysis and extraction of RNA from cells was based on a previously described protocol (Church
and Buckler, 1999). This is a gentle detergent-based lysis protocol, rather than the more
common mechanical homogenisation techniques. Post-extraction RNA quality was examined
in paired samples of 1 ×106 unsorted PBMC. Cells were treated for 60 minutes at 4°C using
PBS containing 1% formaldehyde or PBS only. Quality was assessed by measuring the ratio
of 28S:18S ribosomal RNA peaks, using an Agilent Bioanalyzer (Figure 2).

Several methods were tested for recovery of mRNA template from fixed PBMC; these included
silica-based based spin columns and whole liquid techniques used in combination with heat
and/or enzymatic digestion buffers with or without Proteinase K, according to both in-house
and commercial protocols (data not shown). In brief, quantitative recovery was generally
poorer when extracting total RNA using spin-columns as compared to the CFI or VRC methods.
In all circumstances, there was no recovery of RNA after formaldehyde fixation without
ancillary pre-treatment. If higher temperature incubations were used to reverse fixation, the
quality of the RNA suffered substantially especially at low cell numbers.

Mock fixation (PBS alone) of a PBMC sample yielded a 28S:18S rRNA ratio of 1.4 following
Trizol based extraction and was used as our comparator (Figure 2A). As expected, no
measurable RNA was recovered from formaldehyde-fixed PBMC using Trizol only (Figure
2B). Mock fixation using PBS only with proteinase K pre-treatment for 30 minutes at 37°C
improved the quality of recovered material, yielding a ratio of 1.7 (Figure 2C). Importantly,
proteinase K pre-treatment improved the quality and quantity of RNA recovered using Trizol
from PBMC fixed using 1% formaldehyde, with the 28S:18S ratio improving from 0.0 to 1.4
(Figure 2D). We established from this data that the quality of template recovered from
formaldehyde-fixed PBMC using proteinase K pre-treatment is suitable to attempt cDNA
synthesis.

In order to demonstrate that this template could be reverse transcribed for amplification of
rearranged TCR mRNA by RT-PCR, a CD8+ T-cell population with known Vß usage was
identified. PBMC from a healthy CMV seropositive donor (CPD from hereon) were stained
with a panel of specific anti-TCR Vβ antibodies. Expanded sub-populations were defined as
greater than two standard deviations above the population mean for detected Vß pools. In CPD,
Vß3 was over-represented (23.2%) within the total population and suitable for use as a positive
control for amplification of transcribed TCR mRNA.

Template recovered using the CFI method from 5 × 104 PBMC and reverse transcribed using
random hexamers was amplified via PCR using a BV3 gene-specific and BV constant region
primers. The quantity of the PCR amplicon generated was indirectly measured by band density
and used to judge the optimal conditions for proteinase K pre-treatment. All PBMC samples
were fixed in buffered 1% formaldehyde and subsequently incubated with proteinase K for
various times (5, 15, 30 or 60 minutes) at a range of temperatures (0 – 4°C, 23°C, 37°C and
55°C), prior to extraction using the CFI method (Figure 3A).

Digestion in lysis buffer at 37°C over a period of 60 minutes incrementally increased the
recovery of RNA (at 5, 15, 30 and 60 minutes; lanes 3 to 6, respectively) as detected by the
strength of amplified product. The same pattern of incremental RNA recovery from fixed
PBMC was noted at 55°C. Incubation at 55°C appeared to improve upon the corresponding
yield from cells incubated at 37°C. By observation of the gel, the yield from fixed PBMC pre-
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treated with proteinase K at 55°C of 60 minutes was no different to the unfixed control (lane
11).

Next, we determined the minimum cell number from which we could amplify rearranged BV3
template. This was assessed by using three serial 10-fold reductions in the number of input
cells using the recovery conditions described above (Figure 3B). Amplification of product
equivalent in size (200 – 240bp) was observed down to an input number of 50 cells. We were
confident at this stage to proceed with collection of fixed tetramer-labelled antigen-specific
CD8+ T-cells by FACS for subsequent amplification of TCR mRNA, as the process worked
at a cell number substantially below the minimum anticipated yield of sorted populations.

Donor CPD has a known antigen-specific response to the HLA-B*0702 restricted CMV epitope
TPRVTGGGAM. Surface staining of PBMC using HLA B*0702/TPR-PE tetramer and anti-
BV3 monoclonal antibody indicated that the magnitude of response using antigen-specific Vß3
+ CD8+ T-cells was 5.91%. PBMC were separately labelled with the HLA B*0702/TPR-PE
tetramer, fixed with 1% formaldehyde and isolated by FACS; total RNA was then extracted
using the CFI method. BV3-specific cDNA template was amplified from a total of 1200
tetramer-labelled cells (Figure 3C, lane 2). The amplified PCR product was ligated into a TA
cloning vector and sequenced. Generated sequences were confirmed as rearranged BV28 using
the IMGT online sequence algorithm (data not shown).

Equivalence of fixed and unfixed templates for molecular clonotype analysis
We now had a method to amplify from first-strand cDNA template the post-transcriptional
TCR mRNA expressed in FACS-separated, formaldehyde-fixed, tetramer-labelled cells.
However, to validate our approach formally, we needed to demonstrate that neither fixation
using formaldehyde nor subsequent processing steps introduced a bias into the sequences
obtained from these procedures.

To achieve this, we compared identical antigen-specific CD8+ T cell populations isolated from
both fixed and unfixed samples. First-strand cDNA synthesis and unbiased amplification of
expressed TRB gene products using a TRBC primer were conducted as described previously
(Douek et al., 2002). A minimum of 50 TA sub cloned amplicons was sequenced for each
sorted population. Clonotypes were identified firstly according to TRBV family (as identified
by comparison with the IMGT database), but were specifically compared by alignment of
CDR3 sequences. The frequencies of aligned clonotypes for data sets from fixed and unfixed
samples were paired statistically using randomisation analysis and the extent of similarity of
the two populations was determined.

The antigen-specific repertoire of CMVpp65 HLA B*0702/TPR-specific CD8+ T-cells in
donor CPD without fixation contained 6 individual clonotypes that varied in frequency; one
immunodominant BV 27 clonotype used BJ 2-7 (46% of the population), four BV 7-9
clonotypes used BJ 2-7, 2-1, 1-5 and 1-1 (2 – 26%), and one minor BV 27 clonotype used BJ
2-1 (2% of the population) (Figure 4A). For the paired formaldehyde-fixed sample, ten
clonotypes were observed in the repertoire; the same immunodominant BV27 clonotype using
BJ 2-7 (42%) and three of the same four subdominant BV7-9 clonotypes were present (4 –
22%). Below this frequency (2%), the apparent difference in the populations appeared to be a
product of the limitations of the screening process because statistical analysis indicated that
the populations were not significantly different (C-MH = 0.97, p = 0.66).

Sampling strategy does not bias statistical outcome
Next we conducted a comparison of cells from HIV-1 infected patients. This necessitated using
FACS isolation protocols in a biosafety level-3 containment facility for the unfixed samples
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and the methodologies detailed above for the formaldehyde-fixed PBMC. These comparisons
were made across two separate research facilities. An identical aliquot of cryopreserved PBMC
was used to isolate HIV-specific CD8+ T-cells from the same time point in an HIV-infected
donor (057) at both locations (CFI and VRC) using the HIV p24 Gag HLA B*2705/KRM
tetramer. This aliquot was fixed according to the containment requirements of the facility in
which the sample was sorted; that is, PBMC were fixed in formaldehyde for cell sorting and
recovery using the CFI method. PBMC were unfixed when cell sorting in a BSL-3 containment
facility for recovery using the VRC method.

The HLA B*2705/KRM antigen-specific CD8+ T-cells derived from the unfixed sample
contained six clonotypes: an immunodominant BV 7-6 clonotype that used BJ 2-7 (74%) and
individual subdominant clonotypes ranging in frequency from 2 to 18% (Figure 4B). The fixed
sample contained eight clonotypes, with the same immunodominant BV 7-6/BJ 2-7 clonotype
(64%) and a range of subdominant clonotypes in the same hierarchical order from BV 7-2 using
BJ 1-1 (19.1% fixed, versus 18% unfixed) to BV 5-1 using BJ 1-1 (5.9% fixed, versus 2.0%
unfixed). The remaining clonotypes in the unfixed and fixed populations were unrelated (three
and five clonotypes, respectively). Measured similarity (C-MH: 0.99) indicated that the paired
samples were not significantly different (p = 0.44). It is also important to note that since
extraction was performed separately using the CFI method for fixed total RNA and the VRC
method for recovery of unfixed mRNA template, this data serves as evidence that there is no
difference between sampling at separate institutes for outcome of repertoire analysis.

Limitation to recovery methods for fixed samples
There are theoretical advantages to the use of oligo-dT-based methods of mRNA isolation in
conjunction with molecular clonotype analysis over a Trizol-based methodology, which
isolates total cellular RNA. However, the chemistry of the interaction between formaldehyde
and primary amine groups of the poly-adenylated (poly-A) tail has the potential to interfere
with its subsequent hybridisation to an oligo-dT primer. To address this, we compared recovery
of fixed and unfixed template using the VRC method from a second HIV-infected HLA-
B*2705 positive donor (012). A single aliquot of PBMC was split and resuspended in sort
buffer with or without 1% formaldehyde. Antigen-specific CD8+ T-cells were isolated by
FACS after staining with the HLA-B*2705/KRL tetramer. Nine clonotypes were detected in
the unfixed sample, with frequencies ranging from 1.6% to 56.3% (Figure 4C). The
immunodominant clonotype representing 56.3% of the population used BV 28 and BJ 2.3. This
clonotype was also detected as dominant in the fixed sample, albeit at a lower frequency
(37.1%). Discrepancies in the repertoire between the two samples emerge in the hierarchy of
subdominant clonotypes when fixation was used. There were six clonotypes in the fixed
sample, of which the subdominant clonotypes BV 24 and BV 6-6 significantly increased in
frequency from 4.7 and 1.6 % respectively in the unfixed sample to 17.1 and 14.3% respectively
in the fixed sample. Furthermore, a BV 27 clonotype using BJ 2.2, which represented 20.3%
of the unfixed sample was detected at a substantially lower frequency in the fixed sample
(5.7%). The data indicate that use of the VRC method results in significant differences in
repertoire distribution for the fixed and the unfixed samples (C-MH = 0.78, p = 0.004).

To confirm that this result was not related to cytometry-based error (eg. dead cells or non-
specific labelling with insoluble fluorochrome), a second sample from the same donor was
analysed using the HLA A*0201/NLV tetramer to sort CMV-specific CD8+ T-cells. The
sample was again split and treated with or without formaldehyde. There were six clonotypes
in the unfixed sample with the immunodominant BV 12 clonotype representing 34.3% of the
repertoire for unfixed cells. This clonotype was not detected in the fixed sample (Figure 4D).
The subdominant clonotype BV 15 with the CDR3 sequence ATSSSWDLNQPQH (19.2%)
and the clonotype BV 27 (1.4%) in the unfixed sample were detected far more frequently in
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the fixed sample representing >93% of the observed repertoire. Overall, the distribution of
clonotypes in these paired samples was again significantly different (C-MH = 0.33, p = 0.0001).

Discussion
Molecular analysis of RNA transcripts from infectious human peripheral blood samples sorted
by flow cytometry has to date only been possible within biosafety level-3 containment facilities.
In the present study, we have developed a reproducible method that enables high quality RNA
recovery from formaldehyde-fixed PBMC samples collected directly ex vivo by FACS. Our
in vitro formaldehyde inactivation data support previous publications, which outline the
requirements for safe inactivation of human pathogens in tissues to be used for flow cytometric
sorting (Lifson et al., 1986; Martin et al., 1987; Nicholson et al., 1993). Used in combination
with universal safety precautions, this technique allows sorting of primary human samples for
molecular analysis in a general laboratory setting. The concentration of formaldehyde used for
fixation of pathogens and subsequent recovery of RNA was four times greater than the
minimum inactivation of high-titre HIV-1 infection of MAGIC-5 cells.

We found that the integrity of the recovered RNA template could be maintained by using an
optimised proteinase K treatment. Clonal sequencing of rearranged TCR cDNA from virus-
specific CD8+ T-cells isolated by FACS using tetramers yielded comparable data to that
derived from unfixed samples. Furthermore, our observations indicate that, irrespective of the
exact gating strategy used, the statistical similarity of the TCR repertoire between paired fixed
and unfixed samples was robust provided that stringent definition of the antigen-specific
population was maintained.

A critical component of the methodology described herein is the addition of a proteinase K
digestion step prior to the extraction of RNA. This appeared to work best if moderate
temperatures were used over a short period. The rationale for this step is similar to that
governing the use of proteinase K in longer genomic DNA extractions (Gross-Bellard, 1973).
Genomic DNA is bound to a range of proteins, predominantly histones. One of the critical
steps in a nucleic acid purification protocol is dissociation of proteins from nucleic acids.
Proteinase K is a serine-specific endopeptidase, which, by digesting proteins, allows separation
of DNA from the histone backbone. This step is often not necessary in standard mRNA
extraction protocols. In formaldehyde-fixed tissue, the cross-linking of protein results in non-
specific high avidity associations between mRNA and their associated cellular proteins for
differential RNA processing at the time of formaldehyde infiltration. This association is not
disrupted by the traditional RNA extraction protocols and transcripts are lost in the purification
process, discarded with associated proteins in the phase separation step. The use of proteinase
K with heat disrupts the association between RNA and protein by digesting the cross-linked
protein, allowing subsequent purification of total RNA by essentially standard methodology.

A second critical step in the methodology is the need to extract total RNA rather than
preferentially purifying mRNA by the use of reagents such as oligo-dT beads. The clonotype
profile of fixed template recovered using oligo-dT beads is significantly different to unfixed
samples. While experimental data explaining this observation are not presented here, existing
data in the published literature allow a coherent explanation. The poly-A tail of mRNA template
is especially susceptible to electrophilic attack from formaldehyde (Masuda et al., 1999).
Adenine has a primary amine group that is accessible to addition of a mono-methylol group
(N-CH2-OH) per nucleotide. Such a covalent modification to the poly-A tail would be
prohibitive to thymine bond formation and thus hybridisation to oligo-dT.

While the methodology presented here is applicable to fixation with low percentages of
formaldehyde over relatively short periods of time, it may not be applicable to tissues exposed
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to formaldehyde for much longer periods. Extended fixation beyond hours or days negatively
impacts on RNA quality and subsequent amplification of transcripts because of truncation and /
or fragmentation of transcripts (Masuda et al., 1999; Macabeo-Ong et al., 2002; Gloghini et
al., 2004). We have not addressed amplification of full-length mRNA transcripts beyond the
scope of what was required to obtain our sequences of interest, that is amplicons up to 600 base
pairs in length.

One incongruity is why, when relying upon oligo-dT-based first-strand cDNA synthesis, no
significant difference in repertoire is apparent. It is feasible that the heat provided by increasing
the reaction temperature to 72°C for first-strand cDNA synthesis primer annealing impacts
upon removal of covalent modifications from the poly-A tail. This is not the case when using
oligo-dT beads for recovery, as this degree of heating has not occurred by this stage. This
potentially helps explain the observed differences in repertoire obtained when using of oligo-
dT beads for extraction of mRNA from fixed and unfixed samples.

Molecular analysis of the T-cell repertoire in combination with ex vivo isolation of antigen-
specific CD8+ T-cells detected by peptide-MHC class I tetramers has become a powerful
approach for examining the quality and in vivo dynamics of such immune responses to viral
infection (Wilson et al., 1998; Kedzierska et al., 2004; Meyer-Olson et al., 2004; Price et al.,
2004; Betts et al., 2005; Price et al., 2005; Leslie et al., 2006). From the work presented herein,
these techniques can now be applied to fixed specimens, thereby enabling primary human
sample analysis in a general flow cytometry suite.
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Figure 1. Inactivation of HIV-1 using formaldehyde (0.00 - 0.50%) as measured by RT enzyme (pg/
mL) production in MAGIC-5 co-culture supernatant
Background for the reverse transcriptase (RT) assay was negative control uninfected MAGIC-5
culture (NC). Positive control (PC) cultures were established from untreated samples. The lag
observed in viral replication for 0.00% treated culture is associated with removal of free virus
through necessary wash steps after formaldehyde fixation.
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Figure 2. RNA electropherograms to assess RNA quality according to treatment conditions
Measurements of 28S:18S ratio (brackets) were calculated based on the area under the curve,
detected as fluorescence units [FU] over time in seconds [s] for individual peaks. Whole PBMC
fractions without pre-treatment are shown for both unfixed (A) and fixed (B) conditions.
Identical sample treatments using proteinase K pre-treatment were compared for PBS in (C)
and buffered formaldehyde in (D).
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Figure 3. Optimisation of template recovery from formaldehyde-fixed PBMC as assessed by
amplification of rearranged T-cell receptor
A. Effect of proteinase K pre-treatment of fixed material across a range of temperatures and
time as measured by amplification of TCR BV3 mRNA template. Treatment conditions were
as follows: room temperature for 60 minutes (lane 1); ice for 60 minutes (lane 2); samples
digested at 37°C for 5, 15, 30 and 60 minutes (lanes 3, 4, 5 and 6 respectively); samples digested
at 55°C for 5, 15, 30 and 60 minutes (lanes 7, 8, 9 and 10 respectively). Lane 11 shows the
positive control for unfixed material digested at 37°C for 30 minutes. B. Detectable limit of
template as measured by TRBV3 amplification after digestion at 55°C for 60 minutes. Negative
control (lane 1), and dilution of template material from 5000 (lane 2) to 500 (lane 3) and 50
(lane 4) cells. C. Detection of TRBV3 amplified template from antigen-specific CD8+ T-cells
sorted using the CMVpp65 HLA B*0702/TPR tetramer. Negative control (lane 1), HLA
B*0702/TPR-labelled (tetramer +) cells (lane 2) and non-specific (tetramer −) cells (lane 3).
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Figure 4. Comparison of treatments and recovery methods for sorted antigen-specific CD8+ T-cells
Groups are separated by treatment without (no fixation) and with (fixation) buffered
formaldehyde. The Morisita-Horn similarity index (C-MH: S.I.) was used to assess the
similarity and the associated p-value indicates whether two samples are significantly different.
The frequencies (%) and complementarity-determining region 3 (CDR3) amino acid sequence
identities of recovered TRB gene rearrangements are shown for each condition. Phenol/guanine
isothiocyanate was used to isolate template in (A); location and FACS sorting strategies are
compared in (B); and oligo-dT bead-based mRNA recovery data from sorted CD8+ T-cell
populations specific for antigens derived from HIV and CMV are shown in (C) and (D)
respectively.
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