
Optimizing Peptide Matrices For Identifying T Cell Antigens,1,2

Melissa L. Precopio3,*, Tiffany R. Butterfield3, Joseph P. Casazza3, Susan J. Little5,
Douglas D. Richman5, Richard A. Koup3, and Mario Roederer4

3Immunology Laboratory, Vaccine Research Center, NIAID, National Institutes of Health,
Bethesda, MD 20892, USA
4ImmunoTechnology Section, Vaccine Research Center, NIAID, National Institutes of Health,
Bethesda, MD 20892, USA
5Departments of Pathology and Medicine, University of California San Diego, La Jolla, CA
92093-0679, USA and VA San Diego Healthcare System, San Diego, CA 92161

Abstract
Background—Mapping T cell epitopes for a pathogen or vaccine requires a complex method for
screening hundreds to thousands of peptides with a limited amount of donor sample. We describe
an optimized deconvolution process by which peptides are pooled in a matrix format to minimize
the number of tests required to identify peptide epitopes.

Methods—Four peptide pool matrices were constructed to deconvolute the HIV-specific T cell
response in three HIV-infected individuals. ELISpot assays were used to map peptide antigens.

Results—Many HIV peptides were mapped in all three individuals. However, there were several
challenges and limitations associated with the deconvolution process. Peptides that induced low-
frequency responses or were masked by peptide competition within a given pool were not
identified because they did not meet the threshold criteria for a positive response. Also, amino acid
sequence variation limited the ability of this method to map autologous HIV peptides. Alternative
analysis strategies and revisions to the original matrix optimizations are presented that address
ways to increase peptide identification.

Conclusions—This optimized deconvolution method allows for efficient mapping of T cell
peptide epitopes. It is rapid, powerful, efficient, and unrestricted by HLA type.
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Introduction
The breadth of an antigen-specific T cell response to a pathogen or vaccine can be measured
by mapping T cell epitopes. Mapping is commonly performed using a functional readout
following stimulation with overlapping peptides (or pools of such peptides) that span a given
protein and presumably encompass all possible T cell epitopes (1-3). However, for whole
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pathogens, such as HIV, this translates into hundreds of peptides that require large numbers
of cells for single testing or a complex strategy for peptide pooling to reduce the amount of
sample required to map the epitopes (4-8). We recently optimized a method for construction
of peptide pool matrices that allows identification of peptide-specific T cell responses from
among a set of several hundred overlapping peptides (9). Here we apply that approach to
characterize the method of epitope deconvolution.

Deconvolution of peptide antigens is a two-step process. The first step, in which the sample
is tested on all pools of peptides, is used to eliminate those peptides that are not recognized
(i.e., a negative response to a pool of 80 peptides eliminates all 80 peptides as possible
candidates). After this first round, there is still considerable ambiguity as to which peptides
are “real” responses, and which peptides could not be eliminated because they happened to
be in pools containing other positive peptides. Thus, during the second round every possible
positive peptide is tested individually to determine the total response. The goal in optimized
deconvolution is to use the minimum amount of sample over both rounds. Once a response
is deconvoluted, further experiments are required to map the minimal epitope sequence,
HLA-restriction, and responding T cell subtype of each peptide.

In our previous study, we optimized the deconvolution of a response based on qualitative
results (ie “positive” or “negative”). However, T cell responses are generally measured
quantitatively (as a frequency of responding cells) by assays such as ELISpot and cytokine
flow cytometry. It should be noted that the read-out of these assays impart a limitation for
further experiments because only cells responding by secretion of the measured cytokine are
identified. Nevertheless, we wanted to test our optimized method experimentally in a
situation with multiple peptide-specific responses that ranged in the frequency of responding
T cells. We constructed four matrices of pools of peptides (15-mers overlapping by 11)
spanning the entire HIV proteome, excluding Vif, Vpr, and Vpu, corresponding to the
unique autologous sequences of four acutely infected HIV+ individuals (results from
autologous donors to be presented elsewhere). Peptide length and overlap were selected for
optimal stimulation of both CD4+ and CD8+ T cells simultaneously and inclusion of all
potential epitopes, respectively, in accordance with previous data (3,10). ELISpot assay was
chosen as the experimental approach due to its small sample requirement.

The purpose of the current study was to review the design, process, and challenges of the
first two rounds of epitope deconvolution using peptide matrices. Therefore, we used these
four matrices to identify peptide-specific T cell responses in three HIV+ individuals for
whom the peptide sequences within the matrices were non-autologous. This approach is
analogous to the common practice of peptide epitope mapping using consensus sequences,
as not all consensus sequences will match the HIV sequence of a given HIV+ individual.
Here, we present experimental results addressing the utility and reproducibility of our
method as well as the effect of peptide sequence variability on identifying T cell peptide
epitopes. We also discuss revisions to our original optimizations that may increase our
ability to identify T cell epitopes.

Materials and Methods
Patient samples

Three HIV+ individuals were recruited for this study. All three were off antiretroviral
therapy and had CD4 counts between 203-685 cells/μL. HIV RNA ranged from
4420-145,000 copies/mL. Study subjects gave informed consent as required by the National
Institute of Allergy and Infectious Diseases Institutional Review Board.
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Peptides
15-mer peptides (overlapping by 11 amino acids) spanning HIV-1 Gag, Pol, Env, Nef, Rev,
and Tat were synthesized in a 96 well format on a scale of 2.5μM/well, peptide purity >75%
(New England Peptide, Inc., Gardner, MA). Peptides were dissolved in DMSO at high
concentration (typically 100mg/ml, depending on solubility). Peptides were pooled such that
the final concentration of each peptide used for stimulation was 2μg/mL. For second round
assays, individual peptides were also tested at a final concentration of 2μg/mL. Precise
peptide sequences and matrix pool compositions are available upon request.

Deconvolution of HIV peptide-specific T cell response
The software program, Deconvolute This! (Mario Roederer, Vaccine Research Center,
NIAID, NIH, readily provided upon request) was used to optimize matrix configuration,
instruct pooling of peptides, and determine second round assays based on experimental
results. Each matrix included 80 pools of approximately 36 peptides per pool. Second round
assays were designed by inputting the number of spot forming cells (SFC)/ 1×105 PBMC
measured by ELISpot assay for each peptide pool in the first round of testing. The software
outputs the minimum number of spots measured from each of the four pools for each and
every peptide in the matrix. Peptides with spot values above the minimum threshold for all
four pools where chosen to be tested individually in a second round of assays.

ELISpot assay
Cryopreserved PBMC were rapidly thawed, washed, and resuspended in R10 media (RPMI
1640 supplemented with 10% heat inactivated fetal bovine serum, 100 U/ml penicillin G,
100μg/ml streptomycin sulfate, and 1.7mM sodium glutamate) containing 10U/ml DNAse I
(Roche Diagnostics, Indianapolis, IN), and rested for 2-4 h at 37°C. ELISpot plates
(Millipore, Bedford, MA) were coated with anti-human IFN-γ (Mabtech, Cincinnati, OH).
After extensive washing with PBS, plates were blocked by incubation with R10 media.
1×105 PMC were combined with peptide (2μg/ml/peptide) and plated at 100μl per well. In
some experiments cells were plated at 2×105/well. Plates were incubated overnight (18 h) at
37°C.

Following overnight incubation, cells were removed and plates were washed. Spots were
developed by addition of colorimetric substrate (NBT/BCIP; Pierce, Rockford, IL) after
incubation with a biotinylated, anti-human IFN-γ Ab, followed by streptavidin-conjugated
enzyme (both Mabtech) with appropriate washing. After drying, spots were counted using
an automated reader (CTL, Cleveland, OH). Negative control wells of cells without peptide
were included on each plate and averaged 3.6 SFC per well (range: 0-16) for an input of
1×105 PBMC.

Results
Configuration of peptide pool matrices to T cell epitopes

For future studies, we sought to use peptide matrices based upon distinct HIV sequences.
Therefore, we used autologous HIV sequences derived from four acute seroconverters to
synthesize overlapping peptides spanning all open reading frames (excluding Vif, Vpr, and
Vpu) of HIV from these four subjects. The total number of peptides for each of the four HIV
sequences was approximately 720. By running simulations of peptide pool configurations as
described in our previous theoretical paper (9), we found that the peptide configuration
requiring the least amount of blood sample depends on the predicted number of positive
peptides in the set. Unfortunately, this cannot be known in advance. Using our software
program, we optimized peptide pool configurations for 720 total peptides based on a number
of positive peptides ranging from 1 to 25 (Tables I and II). We chose to construct our
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matrices based on an estimate of 12 positive peptides, which is close to the median number
of peptide responses found previously (8). The optimized configuration for this estimate was
a matrix consisting of 80 pools of 36 peptides per pool, such that each peptide was present in
four pools (Table I). Peptides were pooled according to this configuration for each HIV
sequence; thus, four separate matrices of 80 peptide pools were made.

Deconvolution of the HIV-specific T cell response of three HIV+ donors
To determine whether our matrix approach would identify peptide-specific responses
accurately and efficiently, ELISpot assays were performed using each of the four matrices
on three HIV+ individuals who were not those from whom the viral sequences were derived.
For each donor, many peptides that elicited T cell responses were identified (Supplemental
Table I). Peptides were identified in all HIV gene products tested. The response was broad
in two donors (128, 99) and focused mostly on Pol in one donor (113). In many cases two
consecutive peptides were identified, strongly suggesting that the epitope is contained within
the region of amino acid overlap (Supplemental Figure 1). Many of the peptides have been
previously identified (http://www.hiv.lanl.gov/content/immunology/maps/maps.html) and
shown to be restricted to defined HLA alleles. Most of the peptides we identified were
contained within regions previously restricted to the HLA type of the donor (Supplemental
Figure 1 and data not shown).

Threshold determination
Background noise must be discriminated from actual peptide-specific T cell responses when
analyzing results from an ELISpot assay. Responses to some epitopes are much higher in
frequency than responses to others. It is important to set a threshold that includes low
frequency responses without requiring excessive second round testing. Our deconvolution
program identifies the SFC value of all four pools for each and every peptide in the matrix.
For a peptide to be identified for second round testing, all four pools must exceed the
threshold.

Figure 1 shows the number of individual peptides to be tested based on a given threshold
setting from a representative first round deconvolution of the response of each donor. In
each case, as the threshold increases, there is an exponential decrease in the number of
peptides requiring second round testing, until a point at which the curve levels
(approximately 15-30 SFC/1×105 PBMC). Figure 1 also displays the percentage of positive
peptides that would have been identified using a given threshold. At thresholds in which the
number of peptides requiring testing does not vary exponentially (ie the curve becomes
level), positive peptides will be missed for second round testing as the threshold is
increased.

The average threshold needed to identify all responses for each donor, expressed as SFC/
1×105 PBMC, was: 7 (donor 113, range 2-15), 8.4 (donor 128, range 1-15), and 14 (donor
99, range 8-20). This translates into an average number of second round tests of: 151, 93,
and 234, respectively. Accordingly, the average frequency of responding T cells was highest
in donor 99 (102 SFC/1×105 PBMC).

Sequence variability affects peptide identification
We were able to assess the effect of sequence variability on peptide identification (or the
ability of sequence variants to elicit a T cell response) by using our four unique peptide
matrices. Failure to identify a peptide-specific response using a given matrix was most often
associated with sequence variability between matrices. For example, in Supplemental Figure
2A, peptide AATNADCAWLEAQEE (Nef53-67) from matrix 3 elicited a positive response
in donor 128. However, the similar peptides from the other matrices did not elicit a
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response. These peptides contained amino acids differences both within the epitope and in
the flanking region, which likely reduced their binding to MHC and/or recognition by
specific T cells. Some peptide sequence variability was tolerated, as shown in Supplemental
Figure 2C, where the corresponding peptides from three matrices were identified despite
several amino acid differences that occurred both within and outside of the epitope.

Peptide pool matrices reproducibly identify peptide-specific T cell responses
Mapping experiments were performed three times with each of the four matrices on two
donors (128 and 113) using cells from the same cryopreservation lot to determine the
reproducibility of peptide identification. In donor 128, we found that the peptides that were
most reproducibly identified in our mapping experiments elicited the highest frequencies of
T cells when tested singly, (Figure 2). Peptides were less reproducibly identified in donor
113, whose peptide-specific T cell frequencies were generally lower than donor 128 (Figure
2). We speculated that peptide competition within the pools might reduce the ability of a
peptide in a given pool to induce a T cell response. Therefore, we performed a more detailed
analysis of the results of peptides not reproducibly identified. For example, peptide
FRKQNPDMVIYQYMD (Pol329-343, matrix 3) was tested 12 times (four pools, three
repetitive experiments). The threshold for first round identification was set at 10 SFC/1×105

PBMC, based on the criteria discussed above. Therefore, for each experiment, all four pools
must have scored at least 10 SFC/1×105 PBMC in order to be identified for second round
testing. However, this peptide was only identified in two of the three experiments because
one of the pools in one experiment fell below this threshold (Supplemental Table II). This
pool consistently had a lower T cell response frequency when compared to the other pools,
suggesting the composition of this pool may have negatively affected the response to this
peptide. The frequency of T cells responding to this peptide in the pools (8-56 SFC/1×105)
was much lower than when tested singly (130 SFC/1×105). Table III summarizes the
frequency with which a given matrix could identify all of the positive peptides within that
matrix. With the exception of matrices 1 and 2 for donor 113, the matrices were highly
reproducible for identifying peptides, with an average of identifying 88% of all peptides.

In most cases, identical positive peptides shared by matrices were identified using each
matrix in which they were present. However, in rare cases, an identical peptide sequence
was identified in one matrix but not another (Supplemental Figure 2B). Such peptides often
elicited a low frequency T cell response when tested individually and thus did not fall above
the threshold set in the first round of testing, as described above. Accordingly, we found that
low frequency peptide-specific responses were identified in mapping experiments where the
input cell number was doubled (2×105/well, data not shown). Nevertheless, this result
indicates that in some cases, a particular mixture of peptides may inhibit the ability to
accurately detect a positive response to one peptide in that mixture. The odds of this
occurring increase both for low-level responses and for matrices where each peptide is
contained in a larger number of pools (i.e., where the “coverage” increases). Since a single
negative response to a pool can eliminate a peptide from second round consideration, this
can negatively impact the performance of matrices with greater coverage.

To increase the sensitivity of detection of positive peptides, the deconvolution algorithm can
be modified to consider peptides for second round analysis even if they are contained in one
pool that is negative (in this example, to use peptides which were scored positive in three of
the four pools to which they belong). As expected, proceeding in this way dramatically
increased the number of peptides to be tested in the second round of assays (data not
shown).

An alternative would be to optimize the original configuration of peptide pools taking into
account this modified algorithm, which we term the “n-1 rule.” We modified the program
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Deconvolute This! to accommodate this variation, and generated the optimal pool
configurations shown in Supplemental Table III. As might be predicted, the optimal
configurations for any predicted number of positive responses are more complex than for the
standard configuration (Table I), in that the coverage is higher. Construction of these pools
is more laborious, requiring 50% more pipetting. Similarly, the number of tests to
deconvolute a response is about 50% greater using the n-1 rule than the standard approach
(Table IV vs. Table II). The improvement in sensitivity remains to be empirically
determined. However, for optimal detection of responses under conditions where sample is
not as limited, this modified algorithm is suggested.

Overall performance of peptide pool matrices
By using four matrices, each with a unique set of HIV peptide sequences, on non-autologous
HIV+ donors, responses were defined to more peptides than were present in any one single
matrix. Combining all peptide-specific responses and replicate testing, the matrix
“performance”, or percentage of peptides a given matrix could identify, was determined for
each donor (Table III). On average any given matrix could identify 57% of peptide-specific
T cell responses.

Discussion
The ability to map T cell epitopes efficiently is important to determine the breadth of the
response to a natural infection or vaccine. Our optimized method for configuration of
peptide pool matrices enables construction of a single matrix encompassing a set of
overlapping peptides spanning a large antigen (several hundred peptides). Peptide matrices
have been used to map T cell responses to CMV, a large DNA virus with 213 open reading
frames (11-14). The use of one large matrix reduces the amount of sample required to
deconvolute the entire T cell response (9). However, as the method is based on peptides,
sequence variability between the antigen and the synthetic peptides in the matrix can hamper
identification of peptide-specific responses. The sequence variability of HIV both within an
individual and between individuals exemplifies this problem for mapping of HIV-specific T
cell responses. It has been shown previously that the HIV-specific T cell response is
underestimated when using consensus versus autologous sequences for peptide epitope
mapping (15). The experimental evaluation of this method in this study yielded several
observations: 1) many HIV-derived peptide antigens from several different gene products
were identified in three HIV+ individuals using a single matrix of 720 peptides; 2) sequence
variability affected peptide identification; 3) the method was reproducible; and 4) setting a
frequency threshold for responses is an essential and influential step in the deconvolution
process.

The method was efficient and reproducible. Positive peptides were missed in several
instances for several reasons. Low frequency peptide-specific T cell responses sometimes
fell below the limit of detection. Such peptides either elicited a low frequency T cell
response individually or when combined with other peptides in a given peptide pool. Indeed,
we found a peptide (FRKQNPDMVIYQYMD, Pol329-343) for which the frequency of
responding T cells was much lower when stimulation was performed in the presence of
other peptides than when this peptide was tested individually, suggesting peptide
competition for binding to HLA can occur and reduce the ability to elicit a peptide-specific
response. Despite these limitations, we believe this method holds advantages over other
mapping strategies, such as using previously identified or bioinformatically predicted
epitopes (6,16,17) , which requires HLA identification and may not be comprehensive, and
combinatorial peptide library approaches (18), which require outgrowth of T cell clones, a
process that can be highly selective and eliminate marginally-growing clonotypes.
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Our initial optimization of matrix configuration assumed a qualitative assessment of
positivity. However, analysis of the experimental results required translating a quantitative
value into the qualitative determination of “positive” or “negative.” We accomplished this
through use of a threshold, below which values were considered negative. Determining the
threshold is a tradeoff between the number of second round tests and sensitivity. Lowering
the threshold increases the number of peptides requiring testing in the second round. On the
other hand, raising the threshold reduces the number of tests but can also eliminate
identification of low frequency responses. Thus, the cost of higher sensitivity (and
identification of more responses) is the use of a much greater amount of patient sample as
well as labor and materials.

Not surprisingly, certain matrices identified responses in some individuals better than others,
most likely reflecting the amount of sequence identity shared between the matrix and the
HIV species of the donor. With each matrix, some peptides were missed; on average, a
given matrix could identify only 57% of responses. Thus, for HIV, this would seem to
suggest that epitope mapping should be performed using autologous sequences. While this
would be the best approach to identify the complete breadth of the response, it is a very
impractical approach. Whole genome sequencing and synthesis of such numbers of peptides
are expensive and time-consuming; moreover, matrix construction is extremely labor-
intensive. Each of our matrices in this study required >3,000 pipettings, excluding initial
reconstitution of peptides and subsequent dilution of individual peptides to be retested in
second round assays. Fortunately, mapping of HIV-specific T cell responses in vaccinated
individuals, in whom the sequence is pre-determined, enables construction of one matrix
that can be used for all vaccinees.

Taken together, the results from these experiments provide the basis for a number of
recommendations for epitope deconvolution. (1) Matrices should be optimized for a higher
number of epitopes than is predicted in sample material. The number of tests required to
deconvolute a response increases exponentially with the number of positive peptides; thus,
the cost of having an under-configured matrix is substantial. (2) The number of peptides that
are positive is usually about 50% greater than the number of epitopes, due to overlap of
epitopes across peptides. The optimization should thus be for the predicted number of
peptides (not epitopes). (3) Sample permitting, the “n-1 rule” should be used when
optimizing configurations and analyzing first-round results to provide a greater flexibility
that accounts for possible peptide interference in pools and allows for lower responses to be
detected. (4) Selecting a threshold for positivity in the first round must be done by balancing
the number of second round tests required and the sensitivity desired.

When deconvoluting the response to a variable antigen, such as HIV, using multiple
matrices that differ in peptide sequence may increase the number of epitopes identified.
However, the only potential estimate for how well any given matrix will identify all positive
epitopes from an individual is the sequence identity between the matrix and autologous
sequence, which is often not known and varies over time. Constructing autologous sequence
matrices is very tedious, time-consuming, and expensive. Recently, Frahm and colleagues
have reported that using “toggled” peptides, where alternative amino acids are incorporated
at variable positions, can increase detection of HIV-specific T cell responses (19). For
studies that draw conclusions based on the number of epitopes recognized between
individuals, the use of multiple or autologous matrices, or toggled peptide sets, would
strengthen the data. However, for routine deconvolution, one matrix may be sufficient.

In conclusion, use of a single peptide pool matrix encompassing hundreds of peptides allows
for efficient deconvolution of T cell peptides. Using the ELISpot assay as a functional
readout, this method requires a relatively low number of cells (10-20 million for mapping of
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HIV-specific responses) and is a highly powerful tool for determining the breadth of a
pathogen-specific T cell response.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Setting an appropriate threshold involves balancing the number of tests with sensitivity. For
three donors, the top panel of graphs shows the number of peptides to be tested in the second
round vs. threshold values. The number of peptides requiring testing decreases exponentially
as threshold increases. The corresponding graphs below indicate the percent of positive
peptides identified vs. threshold. As threshold increases, positive peptides are missed.

Precopio et al. Page 10

Cytometry A. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Reproducibility of peptide identification. Mapping experiments were performed multiple
times using PBMC from donor 128 and 113. The total number of times a given positive
peptide was tested in matrix format depended on how many matrices contained the peptide
and how many times the matrices were tested. For example, the same peptide sequence
contained in two separate matrices, each tested three times, will have been tested six times
(three times for each of the two matrices). On the X-axis is plotted the number of times a
given positive peptide was identified divided by the total number of times it was tested (#
matrices + # replicates). The Y-axis shows the frequency of the peptide-specific T cell
response when the peptide was tested individually.
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Table I

Optimal configurations of peptide pools to deconvolute responses from 720 peptides

Positive
Peptides

Pool sizea Coverageb Number of
Pools

Pipettingsc

1 144 4 20 2880

2 144 5 25 3600

3 120 5 30 3600

4 90 5 40 3600

5 80 5 45 3600

6 72 5 50 3600

8 48 4 60 2880

10 48 5 75 3600

12d 36 4 80 2880

15 30 4 96 2880

20 24 4 120 2880

25 20 4 144 2880

30 15 3 144 2160

Each row represents the best configuration of peptide pools to deconvolute a given number of responses (“positive peptides”) with the minimum
amount of sample. The number of tests required to deconvolute the response is shown in Table II.

a
Number of peptides per pool

b
Number of pools to which each peptide belongs

c
Total number of additions of individual peptides to pools

d
Configuration chosen for the four matrices in the current study
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