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To the editor:
CD8-predominant T-cell CNS infiltration accompanies GVHD in primates and is improved with
immunoprophylaxis
A recently published article in Blood showed that, in mice, the central
nervous system (CNS) is a target of graft-versus-host-disease
(GVHD).1 However, diagnosing CNS GVHD in the clinic is

challenging,2-4 and until now, evidence in a large-animal model
has been lacking. Here we demonstrate that the brain is a target of
GVHD in a rhesus macaque nonhuman primate (NHP) transplant

Figure 1. Immunohistochemical analysis of primate brain GVHD. Rhesus macaques used in this study were housed at the Yerkes National Primate Research Center and
treated in accordance with Emory University Institutional Animal Care and Use Committee regulations. The following experimental groups were assessed: (1) healthy
untransplanted controls (n 5 4); (2) autologous transplanted controls (n 5 3); (3) recipients of MHC-mismatched allogeneic HCT that did not receive GVHD prophylaxis (n 5 5,
mean survival time (MST) 5 7 days); (4) allogeneic HCT recipients treated with rapamycin monotherapy (n 5 6, MST 5 17 days); and (5) allogeneic HCT recipients treated
with tacrolimus/methotrexate (n 5 3, MST 5 47 days). For pretransplant preparation, all recipients received myeloablative irradiation (either 8 Gy [single fraction] or a dose
equivalent [9.6 Gy] given in 2 fractions). Recipients received PBSC transplants (mean total nucleated cell dose of 6.2 6 0.98 3 108 cells/kg, mean CD31 T-cell dose of
1.2 6 0.21 3 108 cells/kg). At necropsy, brains were preserved in 10% neutral buffered formalin, and immunoperoxidase staining for various antibodies was performed on
4-mm-thick formalin-fixed paraffin-embedded sections with the use of the standard avidin-biotin peroxidase complex technique (Dako, Carperinteria, CA). No evidence for
infectious etiology was found, including no viral cytopathic effect, no cytomegalovirus viremia (data not shown), and no antigenic evidence for RhLCV (the rhesus macaque
Epstein-Barr virus homolog) or SV40 in any of the sections examined (data not shown). Antibodies shown in this figure include CD3 (clone PC; Dako), CD4 (clone 1F6; Vector),
CD8 (clone 1A5; Vector), CD163 (clone 10D6; Thermo Scientific), Ki-67 (clone MIB-1; Dako), Granzyme B (clone GRB-7; Chemicon), and LFA-1 (clone 345913; R&D).
In preparation for analysis, tissue sections were washed and developed with DAB Chromagen (Dako) and counterstained with Mayer’s hematoxylin. Isotype matched relevant
controls were tested on all tissues. Four to 5areas were scanned at 103, and immunopositive cells were counted from 1 representative section to provide scores ranging from
0 to 11 according to the following strategy: no positive cells, score of 0; 1 to 5 cells, score of 1; 6 to 10 cells, score of 2; 11 to 15 cells, score of 3; 16 to 20 cells, score of 4; 21 to 25
cells, score of 5; 26 to 30 cells, score of 6; 31 to 35 cells, score of 7; 36 to 40 cells, score of 8; 41 to 45 cells, score of 9; 46 to 50 cells, score of 10; .51 cells, score of 11. The
cell scores for individual markers were then analyzed statistically for significance by analysis of variance (ANOVA) and Mann-Whitney t test using Graph Pad Prism (La Jolla,
CA). Representative photomicrographs were photographed using a 320 objective. A 50 mM standard is included in each micrograph. (A) Representative IHC for each of
the treatment groups and each of the antibodies of interest. (B) Corresponding statistical analysis of the IHC scoring for all animals. The ANOVA statistic is indicated for
each comparison. Red bars indicate individual comparisons for which P # .05. (C) Representative CD3 IHC from (left) a representative normal control and (right)
a representative recipient of allogeneic HCT that did not receive GVHD prophylaxis for (upper) the perivasculature and (lower) the parenchyma. (D) Representative
spectral analysis from a recipient of allogeneic HCT that did not receive GVHD prophylaxis for (top) CD3/CD8 and (bottom) CD8/Ki-67, performed with an Olympus
Vanox S microscope and tunable filter-based camera. Cri-Nuance software (Woburn, MA) software was used to measure the colocalization between (top) CD3 and CD8
and (bottom) CD8 and Ki67. For this analysis, CD3 and Ki-67 were assigned a green pseudo-color and CD8 was assigned a red pseudo-color. Double-stained cells are
assigned a yellow pseudo-color.
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model and that CNS GVHD is predominantly mediated by integrinexpressing CD81 T cells.
Using immunohistochemistry (IHC), we studied the meninges,
cerebral vasculature, and parenchyma from NHPs that had been
transplanted according to our previously described protocol for
myeloablative MHC-mismatched hematopoietic cell transplant
(HCT).5 We had previously shown that animals transplanted without
posttransplant immunosuppression displayed classic stigmata of gut
and liver GVHD, as well as signiﬁcant lassitude, and the acute onset of
behavioral depression.5 Inﬁltrates were found in all 3 CNS areas
(Figure 1A-C), with the most striking results occurring in the
meninges. As shown in Figure 1A-B, HCT recipients with severe
GVHD5 demonstrated signiﬁcant CD31 lymphocytic inﬁltration,
which was not observed in the brains of normal animals or autologous HCT controls. Inﬁltrating T cells were predominately CD81,
consistent with a previous report of CD81 T-cell inﬁltration in human
CNS GVHD.4 Although there were signiﬁcantly more CD31 /
CD81 cells (Figure 1A-B,D) in GVHD1 recipients vs normals,
there was not a signiﬁcant difference in CD41 T-cell inﬁltration
across treatment groups, and the majority of CD41 cells were CD32
(data not shown). These CD32/CD41 cells may derive from the
CD41 macrophage/microglial lineage.6,7
The phenotype of the inﬁltrating CD81 lymphocytes demonstrated evidence of cytotoxicity (granzyme B) and proliferation
(Ki-67; Figure 1A-B,D). Additionally, lymphocyte functionassociated antigen-1 (LFA-1) integrin expression was highly upregulated (Figure 1A-B). Given the central role that LFA-1 plays in
CNS leukocyte trafﬁcking during demyelinating disease,8 these
results suggest that the mechanisms of CNS T-cell inﬁltration during
GVHD may have important similarities to those in autoimmunity
and may be amenable to similar integrin-targeting therapies.9 In
addition to CD81 T cells, CD1631 cells (macrophage/monocytes)10
were also observed in GVHD, suggesting that inﬁltration of
antigen presenting cells may also characterize CNS disease.
As shown in Figure 1A-B, we observed that 2 GVHD prophylaxis
regimens (either tacrolimus/methotrexate or rapamycin monotherapy) both signiﬁcantly decreased the GVHD-associated CD81 inﬁltration. However, neither completely abrogated T-cell proliferation
compared with untransplanted animals, suggesting breakthrough alloproliferation (potentially in situ, via allorecognition of host microglia,
astrocytes, and other cells) with both of these regimens. These studies
also document the ability to measure this breakthrough proliferation in
the primate model.
Our results suggest that, in primates as in mice,1 the behavioral
abnormalities that accompany severe GVHD may have an anatomical
correlation with T-cell inﬁltration into the brain, and that CNS disease
may signiﬁcantly contribute to GVHD morbidity.5 This inﬁltration
is skewed toward proliferating, CD81, granzyme B1, LFA-11 cells.
Although the current experiments were limited by the difﬁculty in
performing conﬁrmatory functional radiologic examination in NHP,
this report represents the ﬁrst study linking behavioral and histopathological evidence for brain GVHD in primates and suggests that this
increasingly appreciated manifestation of GVHD is deserving of
further clinical scrutiny.
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