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Perforin-mediated cytotoxicity is a major effector function of virus-specific CD8 T cells. We have investigated
the expression of perforin in the gut, an important site of simian immunodeficiency virus (SIV) pathogenesis,
during experimental SIV infection of rhesus macaques. We observed significant increases in perforin protein
and mRNA expression levels in the colons of SIV-infected macaques as early as 21 days after infection.
However, during chronic infection, despite ongoing viral replication, perforin expression returned to levels
similar to those detected in SIV-naı̈ve animals. These findings demonstrate the presence of a robust perforin-
positive response in gastrointestinal CD8 T cells during acute, but not chronic, SIV infection.

CD8 T cells play a major role in the control of human
immunodeficiency virus type 1 (HIV-1) replication in humans
(4, 9) and simian immunodeficiency virus (SIV) replication in
macaques (7, 17). Perforin- and granzyme-mediated induction
of apoptosis in target cells is a primary effector function of
CD8 T cells (16). Perforin clearly has a nonredundant role in
successful granule-mediated apoptosis (20), and studies of per-
forin knockout mice have shown that it is essential for the
control of a number of viral infections (8).

Mucosal tissues contain the majority of lymphocytes and are
an important site of HIV-1 and SIV replication and pathogen-
esis (22). Studies of SIV-infected macaques have shown a pro-
found depletion of CD4 T cells in the gastrointestinal mucosa
as early as 14 days postinfection, before such depletion can be
observed in blood or peripheral lymphoid tissues (19, 21). A
similar early and preferential loss of intestinal CD4 T cells in
HIV-1-infected humans has recently been reported (3, 11).
The goal of this study was to examine the kinetics of perforin
expression in the gastrointestinal tract as an indicator of a
cytotoxic T-cell response during the course of acute, early, and
chronic SIV infection. To this end, we examined animals eu-
thanized at sequential time points post-intravaginal inocula-
tion with SIVmac251. This provided us with a model of mu-
cosal infection, the most common route of HIV-1 infection
globally and thus the most important in terms of understanding
disease pathogenesis (12, 13). Using this model, we have re-
cently demonstrated that systemic virus replication is detect-
able between 6 and 10 days postinoculation (13).

We previously observed that CD8 T cells of the rectal mucosa
expressed little perforin both in healthy humans and in patients
with chronic HIV-1 infection (18). CD8 T cells in blood samples
from HIV-positive individuals expressed ample perforin, while
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TABLE 1. Plasma, spleen, and colon viral loads of animals and
times of necropsy postinfection with SIVmac251

Animal
Time of

necropsy (days
postinfection)

No. of SIV vRNA copiesa in:

Plasma Spleen Colon

31426 1 Neg Neg Neg
31937 1 Neg Neg ND
30201 2 Neg Neg 6.9 � 102

28420 3 Neg Neg Neg
31373 4 Neg Neg Neg
31385 4 1.5 � 103 Neg Neg
30991 6 2.3 � 104 6.9 � 103 2.6 � 103

31523 6 7.3 � 104 4.6 � 104 3.8 � 104

26222 7 2.6 � 106 ND 1.3 � 105

27337 21 3.6 � 107 6.5 � 105 5.3 � 105

28240 21 4.0 � 106 2.5 � 105 1.8 � 105

31443 22 7.0 � 105 1.9 � 105 8.0 � 104

34474 29 1.0 � 105 3.9 � 104 9.2 � 102

34144 35 4.6 � 105 7.8 � 104 7.6 � 104

24181 47 6.9 � 107 6.6 � 105 1.6 � 106

29271 65 5.0 � 104 6.8 � 104 2.4 � 104

25537 180 7.1 � 105 7.2 � 105 1.0 � 105

31423 180 2.4 � 103 1.2 � 104 1.9 � 103

25402 180 6.6 � 102 2.8 � 102 6.2 � 102

31435 180 2.3 � 106 8.0 � 105 3.2 � 105

31931 Naı̈ve ND Neg Neg
34572 Naı̈ve ND Neg Neg
33630 Naı̈ve ND Neg Neg

a Plasma viral load is reported as viral RNA (vRNA) copies per 1 ml of
plasma, and tissue viral RNA levels are reported as viral RNA copies per 1 �g
of total tissue RNA. All viral loads were measured by a quantitative branched-
DNA assay (5). The detection limit of this assay is 125 copies/ml of plasma and 200
copies/�g of total tissue RNA (13). ND, not determined. Neg, no copies detected.
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CD8 T cells in the rectal mucosa did not. This finding led us to
hypothesize that expression of perforin protein in the gastro-
intestinal mucosa may be tightly regulated. Damage to the integ-
rity of the mucosal epithelial surface could compromise the
natural barrier to commensal or pathogenic bacteria; therefore,
stringent control of cytotoxicity might be important for the host.
However, constitutively low levels of perforin in the gastrointes-
tinal tract might also provide an inadvertent advantage to HIV-1
and other intracellular pathogens.

Given the low level of perforin expression in the gastrointesti-
nal mucosa, we hypothesized that gut CD8 T cells might fail to
mount an adequate cytotoxic response to acute HIV or SIV

infection. To address this hypothesis, we examined the relation-
ship between virus replication and perforin expression in the
blood, spleen, and colon in 20 SIV-infected rhesus macaques that
were euthanized at acute, early, or late time points postinfection
as well as three SIV-naı̈ve animals. Animal designations and
necropsy times postinfection are given in Table 1.

Figure 1 shows perforin expression in tissues as assessed
by immunohistochemistry. This approach allowed us to de-
tect the spatial localization of the protein and to compare
sequential sections from the same tissue pieces. Spleen tissue
provided a good positive control for perforin detection, since it
contains many granular lymphocytes that have recently left the

FIG. 1. Perforin expression in colon and spleen in SIV-positive and -naı̈ve macaques. Immunohistochemical staining of colon and spleen tissues
from macaques indicates various levels of perforin expression between SIV-naı̈ve animals and SIV-positive animals at 29 and 180 days postinfection
(PI). The frequencies of CD8� cells can be observed in sequential sections. Perforin and CD8 are stained brown by diaminobenzidine, and cell
nuclei are stained blue by hematoxylin.
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peripheral blood (10). Monoclonal mouse anti-human perforin
immunoglobulin G (IgG) (clone PF344, which cross-reacts
with macaque perforin) (14), biotinylated anti-mouse and the
substrate 3�-diaminobenzidine tetrahydrochloride (both from

Vector Laboratories, Burlington, CA), or goat anti-mouse
Alexa-488 (Molecular Probes, Eugene, OR) were used to stain
perforin (Fig. 1). Photomicrographs of tissue sections were
captured using a Leica RXM light microscope and analyzed

FIG. 2. Quantitative assessment of perforin protein and perforin mRNA in colon and spleen tissues from SIVmac251-infected macaques. For
analysis of perforin expression in tissues by immunohistochemical staining, each total perforin-positive area was measured and expressed as a
percentage of the total cell area (A and B). Changes in perforin mRNA are reported as increases (n-fold) of perforin mRNA levels in SIV-infected
colon (C) and spleen (D), compared to that in SIV-negative (SIVneg) animals (n � 8) (1). If statistical differences existed between groups as
determined by a one-way analysis of variance, then a Holm-Sidak test was used to determine significant differences between pairs of groups, and
all P values are indicated in the figure. Necropsy times shown in the figure are averages for each group of animals; for actual necropsy times for
individual animals, see Table 1.

FIG. 3. Immunofluorescent staining and confocal microscopy of colon and spleen tissues reveal expression of perforin in CD8� cells. On day
21 postinfection (PI), animal 28240 shows perforin (green) expressed in CD8� cells (red). Cell nuclei are stained with 4�,6�-diamidino-2-
phenylindole, which appears blue, and colocalization of perforin with membrane CD8 appears yellow. Images were obtained using a Leica
TCS-SP2 confocal microscope. Bars, 20 �m.
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using computerized acquired-image analysis to measure the
total perforin-positive area and express it as a percentage of
the total cell area, as previously described (2). A minimum
area of 0.4 mm2 within at least 10 random magnified fields was
analyzed per tissue. For colon tissue, only the lamina propria
was analyzed, and thus epithelial cells, enterocytes, and intra-
epithelial lymphocytes were excluded. For the spleen, only the
red pulp was measured to avoid analyzing B-cell follicles, since
they are typically low in T cells. CD8� cells were stained with
monoclonal rabbit anti-CD8 IgG from DBS (Pleasanton, CA)
and biotinylated goat anti-rabbit IgG from Vector Laborato-
ries or Alexa-568-conjugated goat anti-rabbit IgG (Molecular
Probes). Intracellular perforin was assessed for CD3� CD8�

peripheral blood mononuclear cells by flow cytometry using
directly conjugated monoclonal antibodies, anti-CD3 Per-CP,
anti-CD8 allophycocyanin-Cy7 (BD Pharmingen, California),
and anti-perforin–fluorescein isothiocyanate. Regulation of
perforin expression at the transcriptional level may be impor-
tant for the safe and effective production and release of this
cytotoxic protein (6). To investigate the relationship between
perforin mRNA and protein levels in tissues, we quantified
perforin mRNA in colon and spleen tissues using real-time
PCR (1). Colon, spleen, and plasma viral loads were assessed
at the time of necropsy by a quantitative branched-DNA assay
(5), and the resulting measurements are presented in Table 1.

Within the first 7 days postinfection, we detected low levels
of perforin protein and perforin mRNA in the colons of SIV-
infected animals, similar to that in the colons of SIV-naı̈ve
animals. By day 21, however, there was a significant increase in
the expression levels of perforin mRNA and protein in the
colons of SIV-infected animals (P � 0.001, one-way analysis of
variance and Holm-Sidak test) (Fig. 2). This increase occurred
in parallel with an increase in the percentage of CD8� cells in
the lamina propria, as observed in situ by immunohistochem-
istry (Fig. 1 and data not shown). Analysis by confocal micros-
copy of double-stained cells with anti-CD8 and anti-perforin
monoclonal antibodies indicated that perforin expression was
predominantly occurring in CD8� cells (Fig. 3). Perforin pro-
tein expression at baseline was higher in spleen than in colon,
and while there was a trend towards increased expression in
both spleen (Fig. 2) and peripheral blood mononuclear cells
(data not shown) throughout infection, this trend did not reach
statistical significance.

However, in the colons of animals that had been infected for
180 days, we observed much lower levels of perforin protein
and mRNA expression than at early time points, and there was
no significant difference compared to the results for SIV-naı̈ve
animals (Fig. 2). This finding was especially striking since the
number of CD8� cells as a percentage of all lamina propria
cells was not significantly lower than that at earlier time points
(Fig. 1 and data not shown). This result was irrespective of viral
load, since the group with chronic infection included animals
with both high and low tissue virus titers (Table 1). Although
the dynamics of perforin protein expression and mRNA ex-
pression were similar, we did not observe a direct correlation
between the two data sets at any stage of infection (data not
shown).

T lymphocytes in the gastrointestinal mucosa of healthy hu-
mans and macaques express little perforin (18; this study).
However, the results presented here demonstrate that perforin

is robustly expressed in gut CD8 T cells by day 21 of SIV
infection. This is consistent with the appearance of SIV-spe-
cific tetramer-positive CD8 T cells in the colon at day 21
postinfection (15). A study of CD8 T-cell effector function
during early SIV infection has suggested that the magnitude of
antiviral cytokine production is too low in the gastrointestinal
tract and that such production occurs too late after peak vire-
mia to have any significant influence on overall viral load
reduction (15). The significant expression of perforin in the
colon during early SIV infection may indeed lead to the elim-
ination of many SIV-infected cells. However, this response
does not prevent the establishment of SIV infection in the
gastrointestinal mucosa, and a simmering viremia persists as in
the periphery. It remains to be determined whether the lack of
perforin expression by gut CD8� cells during chronic infection
is a consequence of tight regulatory control of cytotoxicity
within the mucosa or if it reflects an aspect of SIV-induced
immunopathogenesis.
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Compton, G. Napoé, N. Wilson, C. J. Miller, A. Haase, and D. I. Watkins.
2005. CD8� T-lymphocyte response to major immunodominant epitopes
after vaginal exposure to simian immunodeficiency virus: too late and too
little. J. Virol. 79:9228–9235.

16. Russell, J. H., and T. J. Ley. 2002. Lymphocyte-mediated cytotoxicity. Annu.
Rev. Immunol. 20:323–370.

17. Schmitz, J. E., M. J. Kuroda, S. Santra, V. G. Sasseville, M. A. Simon, M. A.
Lifton, P. Racz, K. Tenner-Racz, M. Dalesandro, B. J. Scallon, J. Ghrayeb,
M. A. Forman, D. C. Montefiori, E. P. Rieber, N. L. Letvin, and K. A.
Reimann. 1999. Control of viremia in simian immunodeficiency virus infec-
tion by CD8� lymphocytes. Science 283:857–860.

18. Shacklett, B. L., C. A. Cox, M. F. Quigley, C. Kreis, N. H. Stollman, M. A.
Jacobson, J. Andersson, J. K. Sandberg, and D. F. Nixon. 2004. Abundant
expression of granzyme A, but not perforin, in granules of CD8� T cells in
GALT: implications for immune control of HIV-1 infection. J. Immunol.
173:641–648.

19. Smit-McBride, Z., J. J. Mattapallil, M. McChesney, D. Ferrick, and S.
Dandekar. 1998. Gastrointestinal T lymphocytes retain high potential for
cytokine responses but have severe CD4� T-cell depletion at all stages of
simian immunodeficiency virus infection compared to peripheral lympho-
cytes. J. Virol. 72:6646–6656.

20. Trapani, J. A., and M. J. Smyth. 2002. Functional significance of the per-
forin/granzyme cell death pathway. Nat. Rev. Immunol. 2:735–747.

21. Veazey, R. S., M. DeMaria, L. V. Chalifoux, D. E. Shvetz, D. R. Pauley, H. L.
Knight, M. Rosenzweig, R. P. Johnson, R. C. Desrosiers, and A. A. Lackner.
1998. Gastrointestinal tract as a major site of CD4� T cell depletion and
viral replication in SIV infection. Science 280:427–431.

22. Veazey, R. S., P. A. Marx, and A. A Lackner. 2001. The mucosal immune
system: primary target for HIV infection and AIDS. Trends Immunol. 22:
626–633.

VOL. 80, 2006 NOTES 3087


