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The transmembrane adaptor molecule TRIM is strongly expressed within thymus and in peripheral CD4*
T cells. Previous studies suggested that TRIM is an integral component of the T-cell receptor (TCR)/CD3
complex and might be involved in regulating TCR cycling. To elucidate the in vivo function of TRIM, we
generated TRIM-deficient mice by homologous recombination. TRIM~/~ mice develop normally and are
healthy and fertile. However, the animals show a mild reduction in body weight that appears to be due to a
decrease in the size and/or cellularity of many organs. The morphology and anatomy of nonlymphoid as well
as primary and secondary lymphoid organs is normal. The frequency of thymocyte and peripheral T-cell
subsets does not differ from control littermates. In addition, a detailed analysis of lymphocyte development
revealed that TRIM is not required for either positive or negative selection. Although TRIM ™'~ CD4* T cells
showed an augmented phosphorylation of the serine/threonine kinase Akt, the in vitro characterization of
peripheral T cells indicated that proliferation, survival, activation-induced cell death, migration, adhesion,
TCR internalization and recycling, TCR-mediated calcium fluxes, tyrosine phosphorylation, and mitogen-
activated protein family kinase activation are not affected in the absence of TRIM. Similarly, the in vivo
immune response to T-dependent and T-independent antigens as well as the clinical course of experimental
autoimmune encephalomyelitis, a complex Thl-mediated autoimmune model, is comparable to that of wild-
type animals. Collectively, these results demonstrate that TRIM is dispensable for T-cell development and
peripheral immune functions. The lack of an evident phenotype could indicate that TRIM shares redundant

functions with other transmembrane adaptors involved in regulating the immune response.

Upon ligation of the T-cell receptor (TCR) by peptide/major
histocompatibility complex complexes, a plethora of signaling
cascades are initiated within T cells that finally result in T-cell
activation. It is well established that the TCR itself is not
capable of transducing signals, as it possesses only a short
intracellular tail that lacks any known signaling motif. Rather,
signal transduction via the TCR is accomplished by the invari-
ant CD3vy, CD33, CD3g, and { subunits, which all possess
particular amino acid motifs named ITAMs (immunoreceptor
tyrosine-based activation motifs) in their cytoplasmic domains
(17, 35). Overall, the TCR/CD3/{ complex is organized in
dimers (CD3ed and CD3¢gy dimers that noncovalently associ-
ate with the TCRap heterodimer and the TCR{ homodimer)
and contains in total 10 ITAMs: 1 in each of the CD3y, CD33,
and CD3g subunits and 3 in each of the two TCR( chains.
Upon phosphorylation by Src family kinases, the ITAMs are
converted into high-affinity binding sites for the cytosolic pro-
tein tyrosine kinase ZAP-70, which is in turn recruited from
the cytosol to the activated TCR by its tandem SH2 domains.
After binding to the phosphorylated ITAMs, ZAP-70 serves as
a substrate for Src kinases and becomes activated by phosphory-

* Corresponding author. Mailing address: Institute of Immunology,
Otto von Guericke University, Leipziger Str. 44, 39120 Magdeburg,
Germany. Phone: 49-391-6717894. Fax: 49-391-6715852. E-mail: luca
.simeoni@medizin.uni-magdeburg.de.

T Present address: Clinic of Pediatric and Neonatology, Otto von
Guericke University, 39112 Magdeburg, Germany.

3639

lation. The biochemical cascade originating from the ligated
TCR is then further propagated by the transmembrane adap-
tor protein LAT (linker for activation of T cells) which links
the TCR to the mitogen-activated protein kinase (MAPK) and
Ca®" pathways after phosphorylation by ZAP-70 (12, 37).

In addition to being the signal transducing subunits of the
TCR, the CD3 and TCR{ chains are also required for the
correct expression of the TCR at the plasma membrane (for a
review, see reference 1). TCR assembly begins in the endo-
plasmic reticulum with the pairing of CD3¢ with either CD3vy
or CD338. Once the €3 and €y heterodimers are formed, they
noncovalently associate with the TCRa/B heterodimer. The
last component to be incorporated in the complex is the TCR{
homodimer, which overrides an endoplasmic reticulum reten-
tion signal within the CD3e chain, thus allowing the complex to
be transported to the plasma membrane (9).

Recent findings have indicated that the invariant chains of
the TCR/CD3 complex might associate with a variety of addi-
tional molecules. For example, the TCR{ chain has been pro-
posed to interact with SLAP-2 (26), TRIM (4, 20), CTLA4 (7),
and Uncl19 (5, 14), while CD3¢ apparently complexes with
CAST (36) and Nck (13). The physiological relevance of these
interactions is so far not completely understood. However, it
has been proposed that they could serve to integrate or regu-
late the signal capability of the TCR/CD3 complex or to mod-
ulate the expression levels of the T-cell receptor.

The nonraft transmembrane adaptor protein TRIM (T-cell
receptor interacting molecule) is exclusively expressed in T
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lymphocytes. TRIM has been shown to coprecipitate with the
TCR/CD3 complex under mild detergent conditions, and, sim-
ilar to the TCR, its expression is downregulated after TCR
triggering (4). A recent study demonstrated that TRIM pref-
erentially interacts with the TCR complex via the TCR{ chain
and that all three domains of TRIM (extracellular, transmem-
brane, and cytoplasmic domains) are required for this interac-
tion (20).

The functional relevance of the association between TRIM
and TCR( has been addressed by overexpressing TRIM in the
Jurkat T cell line (20). These experiments revealed that cells
overexpressing TRIM show a considerable increase in cell sur-
face expression of TCRaf and CD3¢ caused by TRIM-medi-
ated inhibition of spontaneous TCR internalization (20). As
expected, the enhanced expression levels of the TCR in TRIM
transfectants concomitantly lead to an increased TCR-medi-
ated Ca®" flux. Based upon these data, it was proposed that
TRIM regulates TCR-mediated signaling by modulating the
expression levels of the TCR on the cell surface.

TRIM possesses three tyrosine-based signaling motifs
(TBSMs) within its cytoplasmic domain that are potentially
involved in regulating TCR-mediated signal transduction. One
of these motifs (YEQM) represents a consensus motif for the
p85 subunit of phosphatidylinositol 3-kinase (PI3K) and, in-
deed, TRIM is capable of binding p85 via the YEQM motif
after phosphorylation by Src kinases (4). Similarly, the two
other TBSMs also become phosphorylated upon TCR engage-
ment, but the molecules binding to these motifs are yet to be
identified (20).

To study the function of TRIM in vivo, we generated TRIM-
deficient mice by homologous recombination. Collectively, the
functional and biochemical characterization of TRIM '~ mice
suggest that TRIM is dispensable for the development and the
function of the immune system.

MATERIALS AND METHODS

Mice. TRIM /™ mice were generated by homologous recombination by replacing
a part of exon 1 (including ATG) and exon 2 (coding for the entire transmembrane
region) with a NEO cassette. The linearized targeting construct was transfected into
SVJ129-derived embryonic stem cells, and G418-selected clones were transferred
into C57BL/6 blastocysts as previously described (2). Germ line mutated animals
were backcrossed onto the C57BL/6 background for more than 10 generations in a
conventional animal facility. Animals were genotyped by PCR using the following
primers: 5'TRIM (CGT CTC TGC TTC TCT ACA TAG TGG), 3'TRIM (GCT
CTG GAT GCC CCT TCT TCC), and 3'Neo (GAC GTG CTA CTT CCA TTT
GTC ACG TCC) (BioTez GmbH).

OT-I and OT-II TCR transgenic mice were kindly provided by Percy Knolle,
P14 mice were provided by Thomas Kammerthoens, and H-Y TCR transgenic mice
were provided by Gary Koreztky. For TCR transgenic studies, TRIM ~/~ mice
crossed with TCR transgenic mice were obtained by crossing TRIM ™/~ mice with
TRIM ™~ mice with TCR heterozygote transgenics.

Flow cytometry analysis. Single-cell suspensions were obtained from thymus,
lymph nodes, spleen, and bone marrow by dissociation of isolated tissues through
a 70-pm mesh. Cells were stained with fluorescence-labeled monoclonal anti-
bodies against CD3 (145-2C11), CD4 (RM4-5), CD5 (53-7.3), CD8 (53-6.7),
CD25 (7D4), CD44 (IM7), CD45RB (363.16A), CD62L (MEL-14), CD69
(H1.2F3), TCRB (H57-597), TCRyd (GL3), B220 (RA3-6B2), and TCRVa2
(B20.1), all obtained from BD Biosciences, or with fluorescein isothiocyanate
(FITC)-labeled HY-TCR (T3.70) (eBiosciences) for 30 min at 4°C. Cell-associ-
ated fluorescence was analyzed by a FACSCalibur and Cell Quest Pro software
(BD Biosciences).

Immunoblotting. For all biochemical analyses, CD4* T cells were purified by
an AutoMACS magnetic isolation system according to the manufacturer’s in-
structions (Miltenyi). Cells were either left unstimulated, stimulated with 10
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pg/ml of biotinylated CD3¢ antibody (145-2C11; BD Biosciences), or stimulated
with CD3 plus 10 pg/ml of biotinylated CD28 (BD Biosciences) monoclonal
antibody (MAb) followed by cross-linking with 25 pg/ml of streptavidin
(Dianova) at 37°C. Cells were lysed in lysis buffer containing 1% NP-40, 1%
laurylmaltoside (N-dodecyl B-p-maltoside), 50 mM Tris, pH 7.5, 140 mM NaCl,
10 mM EDTA, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 mM
Na;VO,. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred onto polyvinylidene difluoride or nitrocellulose
membranes, and blotted with the following antibodies: anti-phosphotyrosine
(4G10), anti-ERK1/2 (pT202/pT204), anti-JNK (pT183/pY185), anti-p38
(pT180/pT182), anti-phospho-Akt (S473), anti-Akt, all from Cell Signaling, and
anti-ZAP70 (clone Z24820; Transduction Laboratories), anti-ERK1/2 (Cell Sig-
naling), or B-actin (Sigma). Where PI3K inhibitor was used, CD4™" T cells were
preincubated with 100 nM wortmannin (Calbiochem) for 30 min at 37°C prior to
stimulation.

Ca?* flux. For Ca®>" measurement, cells were incubated for 30 min with 3.75
pg/ml indo-1-AM (Molecular Probes) in phenol red-free RPMI 1640 medium
(GIBCO BRL) containing 10% fetal calf serum (FCS). After washing, the cells
were incubated for 30 min at 37°C in RPMI 1640 and stained with CD4 and CD8
and incubated with 10 wg/ml biotinylated CD3 (145-2C11) MAbs at 4°C. Calcium
fluxes were induced by cross-linking the TCR/CD3 complex with 75 pg/ml
streptavidin and were measured using an LSR flow cytometer (BD Biosciences).

Proliferation assay. CD4" T cells were purified from single-cell suspensions of
splenocytes by an AutoMACS magnetic isolation system according to the man-
ufacturer’s instructions (Miltenyi). Cells were stimulated for 72 h with either the
indicated concentrations of plate-bound CD3 MAb (145-2C11), 4 pg/ml con-
canavalin A (ConA) (Calbiochem), or 2.5 pg/ml staphylococcal enterotoxin B
(SEB; Sigma), or with 2 X 107 M phorbol-12-myristate-13-acetate (PMA)
(Calbiochem) and 0.5 pg/ml ionomycin (Calbiochem) in 96-well U-bottomed
plates (Corning Costar) at a density of 25 X 10* cells per well in 200 pl of RPMI
medium supplemented with penicillin, streptomycin, B-mercaptoethanol, and
10% FCS. Cells were pulsed with 1 wCi [*H]thymidine per well during the last
8 h.

Cell survival assays. Thymocytes or purified splenic CD4™ T cells were incu-
bated for 24 h in the presence of the following stimuli: plate-bound CD3 MAb
(145-2C11), CD3" CD28 MADb (37.51), 1 uM etoposide (Sigma), 1 pg/ml Fas
MAD (BD Biosciences) plus 30 pg/ml cycloheximide (Calbiochem), or 2 nM
dexamethasone (Sigma). Cells were harvested and stained with annexin V and
propidium iodide (BenderMedSystem) according to the manufacturer’s instruc-
tions. Apoptotic cells were defined as annexin V-positive and propidium iodide-
negative cells.

For activation-induced cell death (AICD), 2 X 10° CD4* lymphocytes were
stimulated with 5 pg/ml plate-bound CD3 MADb in RPMI in flat-bottomed
24-well plates (Corning Costar) for 2 days. Cells were then grown in medium
containing 5 ITU/ml recombinant human interleukin-2 (rIL-2) (PeproTech) for an
additional 2 days in flat-bottomed 24-well plates, and 1 X 10° cells were restim-
ulated overnight with 5 pg/ml plate-bound CD3 MAb in new 24-well plates with
medium containing 5 IU/ml rIL-2. Apoptosis was measured as described above.

Migration assay. Cell migration was performed in a 24-well Transwell plate
(Corning Costar) with 3-um-pore polycarbonate filters. Freshly isolated lymph
node cells were resuspended at a density of 4 X 107 cells/ml in RPMI containing
0.5% bovine serum albumin (BSA). One hundred microliters of cell suspension
was placed in the upper chamber, and 600 pl of medium was placed in the lower
chamber. After equilibration at 37°C for 1 h, 50 nM of mouse recombinant
SDF1p (PeproTech) was added to the wells, and the plates were incubated for an
additional 3 h. Cells were then harvested, stained with anti-CD4 and anti-CD8,
and counted by fluorescence-activated cell sorting (FACS). Duplicates were used
for each condition.

Mouse immunization and ELISA. Two- to 3-month-old mice were immunized
intraperitoneally with 20 pwg/animal 2,4-dinitrophenyl (DNP)-keyhole limpet he-
mocyanin (KLH) (Calbiochem) in 200 wl complete Freund’s adjuvant (Sigma)
and were boosted 10 days later with 20 pg/animal DNP-KLH in 200 pl incom-
plete Freund’s adjuvant (Sigma). Before and after immunization, mice were bled
and the amount of hapten-specific immunoglobulins was determined by enzyme-
linked immunosorbent assay (ELISA) as previously described (31). Briefly,
plates were coated with 3 pg/ml DNP-BSA in bicarbonate buffer overnight at
4°C. Nonspecific binding was prevented by blocking the plates with 1% BSA for
2 h at room temperature. Serial dilutions of mouse sera were incubated overnight
at 4°C, and the specific binding was detected using alkaline-phosphatase-labeled
goat anti-mouse immunoglobulin M (IgM; Serotec) or goat anti-mouse IgG
(subclasses 1, 2a, 2b, 3; Dianova).

Basal levels of immunoglobulins were measured as previously described (31).
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FIG. 1. Generation of TRIM-deficient mice. (A) Partial restriction
map of the TRIM locus and the targeting construct. Exons are repre-
sented by filled boxes. Neo, neomycin resistance cassette; Tk, thymi-
dine kinase. (B) PCR analysis of TRIM wild type, heterozygous, and
knockout mice. (C) Western blot analysis of cell lysates prepared from
wild-type and TRIM /" thymocytes. The blot was probed with the
monoclonal anti-TRIM antibody TRIMO04 and with the polyclonal
anti-ERK1/2 antibody to show equal loading. (D) TRIM-deficient
mice display lower body weights. Shown are growth curves of female
and male TRIM™* or TRIM /" animals (n» = 15 mice per group).
Statistically significant differences are indicated: *, P < 0.05; #x, P <
0.005; #=x, P < 0.001.

TCR internalization and recycling. For TCR internalization assays, 2 X 10°
lymph node cells were precoated for 30 min at 4°C with phycoerythrin (PE)-
labeled TCRB (H57-597) MAD in RPMI containing 10% FCS, 50 pM B-mer-
captoethanol, penicillin, and streptomycin. After washing, cells were plated in
96-well plates at a density of 1 X 10° cells per 200 pl of medium and incubated
at 37°C for the indicated times. TCR internalization was measured as previously
described (10). Briefly, TCR internalization was stopped by washing the cells in
ice-cold phosphate-buffered saline (PBS) containing 0.1% sodium azide and 1%
BSA. The surface-bound antibody was removed by washing lymphocytes in
stripping buffer (100 mM Glycin, 100 mM NaCl, pH 2.5). The intracellular
fluorescence was measured by FACS. To distinguish the different lymphocyte
subsets, cells were stained with CD4-FITC and CD8-CyChrome MAbs after
stripping. Internalization of the TCR was calculated according to the following
equation, as previously published (10, 16, 32): % internalization = 100 X [(acid-
resistant fluorescence at ¢+ — cellular autofluorescence)/(fluorescence of cells
stained with TCRB-PE MADb — cellular autofluorescence)], where ¢ is time.

A TCR recycling assay was performed as reported previously (24). Briefly, 4 X
10° freshly isolated lymph node cells were stained at 37°C with 1 pg/ml PE-
labeled anti-TCRp for 1 h. After washing, surface-bound antibody was stripped
as reported above. To allow reexpression of the internalized receptor, cells were
then incubated at 37°C for different times, washed in ice-cold PBS containing
0.1% sodium azide and 1% BSA, and again stripped in low-pH buffer. Lympho-
cytes were stained for CD4 and CD8 and analyzed by FACS. Recycled TCR was
calculated using the following formula: % recycled = 100 X [(acid-resistant
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fluorescence after second low-pH buffer treatment — autofluorescence)/(acid-
resistant fluorescence after first low-pH buffer treatment)].

EAE. Experimental autoimmune encephalomyelitis (EAE) was induced and
scored as previously described (28, 31).

RESULTS AND DISCUSSION

Generation of TRIM-deficient mice. To assess the role of
TRIM within the immune system, the TRIM gene was dis-
rupted by homologous recombination in embryonic stem (ES)
cells (Fig. 1A). The targeting vector replaced part of exon 1
and exon 2 of the TRIM gene with a neomycin selection cas-
sette. The deleted region contained the translation start site as
well as the entire extracellular and transmembrane regions of
TRIM. The linearized targeting vector was introduced into ES
cells by electroporation, and cells were selected with G418 and
ganciclovir. Successfully targeted ES clones were injected into
C57BL/6 blastocysts. To avoid potential phenotypic bias due to
inbred genetics, germ line-competent chimeric mice were
backcrossed on a C57BL/6 genetic background for more than
10 generations. Mutation of the TRIM gene was confirmed by
genomic PCR (Fig. 1B). To ensure that the targeted allele
results in loss of protein, lysates were prepared from thymo-
cytes of null and wild-type mice and analyzed by anti-TRIM
Western blotting with two different monoclonal or two poly-
clonal anti-TRIM reagents, all directed at particular regions of
the cytoplasmic tail of TRIM. Under all conditions tested, we
did not detect any anti-TRIM-reactive product, corresponding
either to the full-length or to a truncated (cytoplasmic) form in
TRIM /~ thymocytes (Fig. 1C and data not shown). These
data demonstrate that the TRIM gene was indeed successfully
inactivated. Analysis of genotypes at weaning revealed that the
mutated allele segregates with the expected Mendelian fre-
quency, thus indicating that TRIM does not cause embryonic
lethality. Indeed, among the 608 viable offspring obtained by
breeding TRIM™/~ mice, 149 (24.5%) were TRIM*'*, 290
(47.7%) were TRIM™/~, and 169 (27.8%) were TRIM /",

TRIM ~/~ mice are viable and fertile but display a smaller
body size. Anatomical and histological analysis of hematoxylin-
eosin sections of liver, muscle, smooth muscle from heart,
brain, testis, gut, and primary and secondary lymphoid organs
such as thymus, spleen, and lymph nodes from TRIM-deficient
mice did not reveal any detectable abnormalities (data not
shown). Moreover, TRIM '~ mice were viable and fertile.
However, compared to sex-matched wild-type littermates,
TRIM-deficient mice displayed a mild reduction (about 10 to
20%) in body weight which became evident at 3 weeks of age
and remained constant throughout the aging process (Fig. 1D).
Accordingly, we found a decrease (about 10 to 20%) in the size
of several organs, such as thymus, spleen, lymph nodes, liver,
kidney, and heart (data not shown). Because TRIM '~ and
TRIM™~ mice maintain constant organ-to-body-mass ratios,
the difference in body weight could be due to an overall re-
duction in cell size or in cellularity.

Analysis of lymphoid organs (thymus, lymph nodes, spleen,
and bone marrow) revealed that cell sizes were normal,
whereas cell numbers within the organs were significantly re-
duced (about 20% [Tables 1 and 2 and data not shown]). This
indicates that loss of TRIM results in a reduction of organ
cellularity and consequently in body mass. Since TRIM ap-
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TABLE 1. T-cell subsets in thymus®

No. of cells with indicated phenotype

TRIM status n TOtﬁll nloo.ﬁof CD4/ CDS
cells (10°) CD4~ CD8~ CcD4+ cD8* CD4* CD8* ratio

TRIM*/+ 19 119.8 (9.7) 3.9 (0.4) 11.8 (1.1) 3.4 (0.4) 100.6 (8.3) 3.8(0.2)

TRIM ™/~ 20 92.0 (9.2) 2.8(0.3) 8.9 (1.2) 2.7(0.3) 77.5 (8.0) 3.5(0.2)

“ The numbers of lymphocyte subsets were determined on the basis of the total cell count and flow cytometric analysis shown in Fig. 2. Data represent means and

standard errors of the means (in parentheses).

pears to be exclusively expressed in T cells, the reason for this
unexpected observation remains elusive. At present, it is not
known whether the immune system is directly involved in the
regulation of body weight (particularly in healthy animals such
as TRIM-deficient mice, which also do not show any histolog-
ical signs of chronic inflammation that could be responsible for
reduced body weight). A decrease in body mass has been
observed in several knockout strains of mice in which mole-
cules that are expressed in T cells (3, 6, 8, 15, 22, 23) were
eliminated. However, in these models, the reduction in body
weight is caused by alterations of organ development or by
altered hormone action (as the molecules under investigation
are also expressed outside of the hematopoietic system) but
not by impaired immune functions. One possible explanation
for our observation, therefore, could be that TRIM is not only
expressed in T cells but also in other types of cells, e.g., hor-
mone-producing cells. In this regard it is worth mentioning
that Ikaros, a well-known lymphoid transcription factor, has
recently been found to be expressed in cells of the pituitary
gland (11). It appears that Ikaros is required not only for the
development of the immune system but also for the regulation
of the endocrine pituitary-adrenocortical system and body
weight (11). Possibly a similar situation holds true for TRIM.
Experiments are in progress to assess this possibility.
TRIM-deficient T cells show normal TCR/CD3 surface lev-
els and normal TCR dynamics. Previously, we had shown that
overexpression of TRIM in Jurkat T cells enhances the expres-
sion levels of the TCR on the cell surface by altering sponta-
neous TCR internalization (4, 20). To address the question of
whether TRIM exerts a similar function in nontransformed
primary mouse T cells, we investigated the expression levels of
the TCR on thymocytes and peripheral T cells of wild-type and
TRIM-deficient mice by flow cytometry. As shown in Fig. 2A
and B, the absence of TRIM had no impact on the expression
levels of the TCR (or CD3¢ [data not shown]). We next inves-
tigated whether internalization of the TCR or TCR recycling
after antibody-mediated internalization was affected in TRIM ™/~
T lymphocytes. Figure 2C shows that the internalization of the
TCR in peripheral lymph node T cells and in thymocytes (data
not shown) occurred at normal rates in the absence of TRIM.

In addition, the reexpression kinetics of the internalized TCR
pool at the cell surface was comparable in wild-type and
TRIM-deficient T cells (Fig. 2D). These data suggest that in
contrast to Jurkat T cells, TRIM is dispensable for both the
internalization and the recycling of the TCR in primary mouse
T cells. A possible explanation could be that the regulation of
TCR expression-downregulation-internalization by TRIM can
only be observed in an overexpression system or in trans-
formed cell lines, such as Jurkat. Alternatively, it might be that
primary T cells possess other molecules that compensate for
the absence of TRIM.

Normal T-cell development in TRIM ~/~ mice. To assess the
role of TRIM during T-cell development, flow cytometric anal-
yses of lymphocyte suspensions prepared from thymus, spleen,
and lymph nodes (Tables 1 and 2 and Fig. 3) were performed.
As depicted in Table 1, the total cellularity of the thymus was
found to be slightly reduced in TRIM ~/~ mice. However, the
distribution of thymic subpopulations, as defined by CD4 and
CDS8 coreceptor expression, was similar between TRIM ™/~ ani-
mals and control littermates Fig. 3A. Moreover, we did not
observe a significant alteration in the CD4/CD8 ratio (Table
1), and there was also no difference in CD25 and CD44 ex-
pression within the double negative thymocyte population (Fig.
3B). Collectively, these findings suggest that TRIM is dispens-
able for thymic development.

To corroborate this assumption and, in particular, to rule
out subtle alterations in the selection processes in the absence
of TRIM, we crossed TRIM ™/~ mice onto different TCR
transgenic backgrounds. As shown in Fig. 4, the loss of TRIM
did not influence positive selection in class I (HY)- or class II
(OT-II)-restricted TCR transgenic models. We also tested pos-
itive selection using OT-I and P14 class I-restricted TCRs,
which possess higher affinities for the selecting ligands than the
HY TCR, and again we did not observe any alteration in
TRIM-deficient animals (data not shown). Thus, TRIM ap-
pears to be dispensable for positive selection. Similarly, the
loss of TRIM had no influence on the efficiency of negative
selection in TRIM '~ HY male animals (Fig. 4C) or when
negative selection was mimicked by intraperitoneal injection of
the CD3e MAb 145-2C11 (data not shown). In addition, the

TABLE 2. T-cell subsets in peripheral lymph nodes®

No. of cells with indicated phenotype

TRIM status n Totlelll n]od(’of CD4/CD8 CD3/13220
cells (10°) CD4+ CD8* CD3+ B220 ratio ratio

TRIM ™+ 11 28.3 (3.5) 10.8 (1.3) 10.4 (1.7) 21.1(2.7) 6.2 (0.7) 1.12 (0.1) 3.38(0.2)

TRIM 7/~ 12 20.3 (2.5) 7.0 (0.7) 79 (1.1) 15.5 (2.0) 4.1 (0.5) 0.92 (0.04) 3.78 (0.3)

“ The numbers of lymphocyte subsets were determined on the basis of the total cell count and flow cytometric analysis shown in Fig. 2. Data represent means and

standard errors of the means (in parentheses).



VoL. 26, 2006

B g
g g
g Ei
TCR TCRB
o~
<50 o 50
E o
?25 =40
2100 2
g S 30
575 g
- 20 o 4+
° W - _,{_
25 10
0 & 0d
0 30 60 90 120 150 180 0 30 60 9 120
min min

FIG. 2. TCR expression, internalization, and recycling are normal
in TRIM-deficient mice. Thymocytes (A) and lymph node cells
(B) were stained with anti-TCRB MAb and analyzed by flow cytom-
etry. The histograms represent profiles of cells from representative
TRIM*'* (shaded) and TRIM "/~ (thick lines) mice. (C) Measure-
ment of TCR internalization. Lymph node T cells were incubated with
PE-labeled anti-TCRP antibody (H57-597) for 30 min on ice. Cells
were then washed to remove unbound antibody and placed at 37°C for
0, 30, 60, 90, and 180 min. Surface-bound antibody was removed by
low-pH washes, and internalized antibody in CD4 ™" cells was quantified
by flow cytometry. (D) Reexpression of previously internalized anti-
TCRB antibody. To label an internalized pool of TCR, lymph node T
cells were stained with PE-labeled anti-TCR@ antibody, cultured for 90
min at 37°C (to allow optimal TCR internalization), and stripped at
low pH to remove cell surface TCR-bound antibody as described for
panel C. Cells were then incubated at 37°C for various time points.
TCR/anti-TCRB-PE complexes recycling to the cell surface of CD4*
cells were quantified as the fluorescence lost after a second low-pH
wash at the indicated time point and the fluorescence at time zero.

survival of TRIM ™/~ thymocytes after in vitro application of
different apoptotic stimuli was found to be normal (Fig. 4D).
Finally, membrane-proximal TCR-mediated signaling events
(global tyrosine phosphorylation and calcium fluxes) in thymo-
cytes were also unaffected in TRIM '~ thymocytes (data not
shown). In summary, these data corroborate that TRIM is
dispensable for both positive and negative selection as well as
for thymocyte responses to either TCR-mediated or TCR-
independent apoptotic stimuli.

We next analyzed peripheral lymphocyte populations prepared
from secondary lymphoid organs. Similar to the situation within
the thymus, TRIM /"~ mice showed slightly reduced numbers of
all lymphocyte subsets in the spleen and lymph nodes (Table 2
and data not shown), while the distributions of T- and B-cell
subsets were normal (Fig. 3C and D and data not shown). In
addition, we did not observe major alterations in the CD4/CDS or
the T-cell/B-cell ratios (Table 2) in TRIM /™ animals. A detailed
expression analysis of a variety of lineage- and activation-specific
markers (including CD5, CD25, CD44, CD45RB, CD62L, CD69,
TCRaB, TCRY3, and NK1.1) also did not reveal any differences
between TRIM ™/~ animals and control littermates. Similarly,
TRIM deficiency had no influence on the expression levels of the
accessory receptor CD28 or of the negative regulatory receptor
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FIG. 3. Development of lymphoid organs in TRIM-deficient mice.
Thymocytes (A), double negative thymocytes (B), and peripheral
lymph node cells (C and D) from 6- to 10-week-old mice were stained
with MADbs for CD3, CD4, CDS8, CD25, CD44, and B220 and analyzed
by flow cytometry. Numbers represent percentages of cells falling into
the indicated quadrant of total living cells.

CTLAA4 (data not shown). Together, these results indicate a non-
essential role for TRIM in the development, maturation, and
distribution of peripheral T lymphocytes.

Analysis of in vitro and in vivo peripheral lymphocyte func-
tions. We have previously reported that TRIM is exclusively
expressed in lymphoid organs (thymus, lymph node, and
spleen) (4, 19). As shown in Fig. 5A, within the T-cell com-
partment TRIM is strongly expressed in thymocytes and in
mature peripheral CD4™" T cells, whereas mature CD8" cells
express only minute amounts of the protein. These findings are
in line with a recent report showing higher expression levels
of TRIM mRNA in human and mouse CD4" peripheral T
lymphocytes than CD8" T cells (29) (http:/symatlas.gnf.org
/SymAtlas/).

To assess whether TRIM deficiency affects the function of
peripheral CD4™" T cells, we investigated membrane-proximal
TCR-mediated signaling events. Figures 5B and C demon-
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FIG. 4. Positive and negative selection in TRIM ™/~ mice. Normal
positive selection in female HY (A) and OT-1I (B) TCR transgenic
(tg) mice. Thymocytes were stained with anti-HY (T3.70) and anti-Va,
antibodies, and the CD4/CD8 profiles of transgenic TCR-gated cells
are shown in panels A and B, respectively. (C) Normal negative selec-
tion in HY TCR tg TRIM ™/~ male mice. Profiles of thymocytes gated
on T3.70" cells and then examined for CD4 and CD8 expression. (D)
Response to death-inducing signals within the thymocyte population.
Freshly isolated thymocytes were incubated for 24 h in 24-well plates
and were stimulated with 10 pg/ml plate-bound CD3 plus CD28 MAbs
or incubated either with etoposide, anti-Fas plus cycloheximide
(aFas+CHX), or dexamethasone (Dexa). Cell viability was measured
by annexin V and propidium iodide staining.

strate that TCR-mediated global tyrosine phosphorylation, the
activation of MAPKSs, and the elevation of intracellular cal-
cium ions are all normal in TRIM™/~ CD4" T cells. Since
TRIM has been shown to recruit the p85 regulatory subunit of
PI3 kinase (4) and, therefore, may be involved in the regulation
of PI3K activity, we also investigated TCR-mediated activa-
tion-phosphorylation of the serine/threonine kinase Akt/pro-
tein kinase B as a surrogate marker of PI3K activity. Surpris-
ingly, TRIM-deficient T lymphocytes showed an augmented
and prolonged phosphorylation of Akt compared to control
cells. Since wortmannin treatment completely abolished Akt
phosphorylation in both wild-type and TRIM-deficient CD4*
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FIG. 5. TCR-mediated signaling in TRIM-deficient CD4* T cells.
(A) TRIM expression in T cells. Postnuclear lysates were prepared
from freshly isolated thymocytes, lymph node cells (LN), or purified
CD4" and CD8™" splenocytes, separated on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and blotted with TRIM04 MAb.
The blot was reprobed with anti-Erk1/2 to demonstrate equal loading.
Numbers below the blot represent relative TRIM expression compared
to the lowest. (B) Global tyrosine phosphorylation and MAP family
kinase activation are normal, but Akt phosphorylation is enhanced in
TRIM-deficient mice. Purified CD4* splenic T cells were stimulated
for the indicated periods of time with the CD3 MAb 145-2C11. The
cells were lysed and processed for Western blot analysis. The blots
were probed with anti-phosphospecific antibodies and then stripped
and reprobed with anti-Erk1/2, anti-ZAP-70, and anti-Akt to show
equal loading. Data are representative of five separate experiments.
(C) Analysis of Ca*" mobilization. Purified splenic CD4* cells were
loaded with indo-1-AM and incubated with 10 pg/ml of biotinylated
anti-CD3 (145-2C11). The arrows indicate the addition of streptavidin
and ionomycin (Iono), respectively. (D) TRIM regulation of Akt phos-
phorylation depends on PI3K activity. Purified CD4" splenic T cells
were stimulated for 2 min with CD3 MAb alone or with CD3 plus
CD28 MADbs in the presence or absence of the PI3K inhibitor wort-
mannin. The level of Akt activation was measured by using a phos-
phospecific anti-Akt antibody and the equal loading by using an anti-
Akt antibody. stim., stimulation.

T cells (Fig. 5D), we conclude that PI3K activity is indeed
augmented in TRIM '~ T lymphocytes.

The PI3 kinase/Akt pathway is involved in many biological
processes, including cell survival, proliferation, differentiation,
and migration (25). To assess whether the augmented activity
of Akt in the absence of TRIM would alter apoptotic re-
sponses, we stimulated mature peripheral CD4" T cells with
CD3 MAbs, corticosteroids, CD95 MAbs, ConA, or etoposide.
Figure 6A shows that the survival of TRIM /™ T cells is indis-
tinguishable from that of control T cells. To further investigate
whether TRIM deficiency alters apoptosis of preactivated T
cells (a phenomenon known as AICD), CD4" T cells were
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FIG. 6. T-cell responses in vitro and in vivo. (A) Normal survival of peripheral CD4* T cells upon stimulation with CD3 MAb (aCD3), ConA,
etoposide, anti-Fas plus cycloheximide (aFas/CHX), or dexamethasone (Dexa). One representative out of two experiments is shown. (B)
Activation-induced cell death (AICD). CD4" T cells were stimulated in CD3 MAb-coated plates, grown in IL-2, and restimulated overnight with
CD3 antibody. Apoptosis was measured by annexin V and propidium iodide staining. The data are expressed as induction of apoptosis relative to
control samples that were not restimulated. (C) Normal T-cell proliferation in TRIM-deficient mice. Purified CD4™" splenic T cells were stimulated
in CD3 MAb-coated 96-well plates or with ConA, SEB, or PMA plus ionomycin (Iono) for 72 h, pulsed with [H?|thymidine, and processed for
standard scintillation counting. One out of five independent experiments is shown. Three mice of each genotype were included in each experiment.
(D) Migration assay. Freshly isolated lymph node cells were added to the insert of a transwell plate, with the lower chamber containing medium
alone or medium supplemented with SDF1a. After 3 h, cells that had migrated into the lower wells were collected and counted by flow cytometry.
The data shown are representative for three independently performed experiments. The migration is expressed as induction relative to that of
control samples incubated with medium alone. (E) Serum immunoglobulin titers. The concentration of serum immunoglobulins was measured by
ELISA. Bars represent mean values. (F and G) Humoral immune response. Mice were immunized with the T-dependent antigen DNP-KLH, and
DNP-specific immunoglobulins were analyzed at day 10 (F), or they were reimmunized at day 14 with the same antigen and DNP-specific

immunoglobulins were measured at day 28 (G) as described in Materials and Methods.

stimulated in CD3 MAb-coated wells for 2 days. The activated
cells were then grown in the presence of IL-2 for an additional
2 days and finally restimulated overnight with CD3 MAbs. The
induction of apoptosis was subsequently measured by staining
the cells with annexin V and propidium iodide. The data shown
in Fig. 6B demonstrate that the absence of TRIM does not
influence AICD.

We next assessed the in vitro proliferative response after
stimulation with a variety of mitogenic stimuli, such as CD3
MADbs, ConA, SEB, and CD3/CD28 costimulation. As shown
in Fig. 6C, TRIM-deficient CD4" T cells responded as effi-
ciently as wild-type T cells to all applied stimuli. Similarly, the
concentrations of IL-2, IL-4, tumor necrosis factor «, and
gamma interferon in the culture supernatants were found to be
normal (data not shown). Note that similar results were ob-
tained when unfractionated splenic T cells were analyzed in-
stead of purified CD4™ T cells (data not shown).

To investigate whether TRIM regulates the migration of pe-
ripheral T lymphocytes, we used a transwell system and allowed
lymphocytes to migrate through fibronectin-coated polycarbonate
meshes in response to the chemokine SDF1. Again, TRIM '~
T cells migrated with an efficiency similar to that of wild-type

lymphocytes (Fig. 6D). Similarly, the constitutive and the CD3-
mediated adhesion of B1 and B2 integrins to fibronectin or
ICAM-I-coated plastic dishes were normal in TRIM/~ mice
(data not shown). Collectively, these data suggest that the absence
of TRIM does not influence T-cell proliferation, survival, migra-
tion, and adhesion.

In summary, the data shown in Fig. 6 demonstrate that
despite the enhanced activity of PI3K in TRIM ~/~ mice, T-cell
functions are unaffected under a variety of experimental con-
ditions. A possible explanation for this somewhat unexpected
observation could be that the slight augmentation of PI3K
activity that occurs in the absence of TRIM is, per se, not
sufficient to significantly alter downstream signaling cascades
and thus cellular responses. It is also possible, however, that
the augmented PI3K activity in TRIM /" cells is partially
compensated for by another nonraft transmembrane adaptor
protein(s) exerting similar functions, the transmembrane adap-
tor protein LAX being a likely candidate. LAX also binds the
p85 regulatory subunit of PI3K (40), and similar to the situa-
tion described here, LAX ™/~ T cells show a slightly augmented
PI3K activity after TCR engagement (39). Thus, it appears as
if both TRIM and LAX jointly regulate PI3K activity in pe-
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TABLE 3. Clinical observations of MOG peptide-induced EAE?

Group Incidence Avg score No. of

of EAE h deaths
Wild type 26/32 1.95 0.2 10/32
TRIM '~ 25/33 1.75 = 0.2 8/33

“ Disease severity was scored according to a scale from 0 to 5: 0, no signs; 0.5,
partial tail weakness; 1, limp tail or slight slowing of righting from supine
position; 2, paresis of hind limb or marked slowing of righting; 2.5, dragging of
hind limb(s) without complete paralysis; 3, complete paralysis of hind limb; 4,
severe forelimb paralysis; 5, moribund or dead. In respect of the animal protec-
tion laws, mice were killed when they reached a score of 3 and received this last
score until the end of the experiment.

ripheral T cells. Combined deletion of the TRIM and LAX
genes will be required to assess whether both molecules indeed
share redundant functions with regard to the TCR-mediated
activation of PI3K or not.

One possibility to explain the enhanced activity of PI3K in
the absence of either TRIM or LAX could be that in normal T
cells both molecules are involved in sequestering the p85 sub-
unit of PI3K from the lipid rafts to the nonraft fraction. Loss of
TRIM or LAX might then cause a redistribution of PI3K from
the nonraft to the raft fraction, thereby enhancing its activity.
It is important to note that a similar “redistribution” phenom-
enon has recently been proposed to underlie the augmented
response of mast cells that lack expression of the transmem-
brane adaptor protein NTAL/LAB (33).

The impact of TRIM deficiency on in vivo immune functions
was further tested by challenging TRIM ™/~ mice and control
littermates with the T-dependent antigen DNP-KLH at days 0
and 21. The levels of hapten-specific 1gG1, IgG2a, 1gG2b,
IgG3, and IgM antibodies were measured 10 and 28 days after
immunization. As shown in Fig. 6, both the primary (Fig. 6F)
and the secondary (Fig. 6G) humoral responses of mutant and
wild-type mice were comparable, indicating that T-helper func-
tions are not affected in TRIM /™ mice.

To finally study the immune function of TRIM-deficient T
cells in a disease model, we assessed the clinical course of
experimental autoimmune encephalomyelitis (EAE), a murine
model of multiple sclerosis, in wild-type and TRIM-deficient
animals. EAE is a well-established Thl-mediated disease that
can be induced in C57BL/6 mice by immunization with
MOG(35-55) peptide. The pathophysiology of EAE is charac-
terized by T-cell-mediated demyelinization of axons in the
central nervous system, which is followed by a progressive
paralysis of the tail and the limbs (21). Due to the complex
nature of the disease, which integrates many aspects of T-cell
function, EAE represents a sensitive model system to detect
even subtle alterations of immune functions. Indeed, we re-
cently could show clear differences in the clinical course of
EAE in knockout mice in which both T-dependent and T-
independent immune responses were unaffected (28, 31).

To induce EAE, matched groups of TRIM '~ and wild-type
mice were immunized with MOG(35-55) peptide, and the clin-
ical score of EAE was assessed over time in a blinded study. As
shown in Table 3, TRIM-deficient mice showed a normal
course of EAE both with regard to the onset of disease as well
as with regard to the clinical score, which ranged between 1.7
and 1.9 in both TRIM '~ and TRIM™*/* mice. Together with
the normal response after immunization with T-dependent
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antigens, these data suggest a nonessential role of TRIM
within the immune system.

Normal B-cell development and B-cell functions in TRIM-
deficient mice. Although TRIM expression has been reported
to be limited to T lymphocytes (4), we also investigated the
generation and the functions of B cells in TRIM /" animals.
These experiments were aimed to exclude the possibility
that TRIM is expressed as a functional protein in particular
B-cell subsets or in B-cell precursors as had previously been
shown for the transmembrane adaptor protein LAT and the
tyrosine kinase ZAP-70 (27, 30). However, the development
of B cells within the bone marrow as well as the in vitro
proliferation of purified splenic B cells after anti-IgM, lipo-
polysaccharide, anti-CD40, and IL-4 stimulation was not af-
fected by loss of TRIM (data not shown). Similarly, the serum
Ig levels (Fig. 6E) and the humoral immune response after
immunization with the T-independent antigen DNP-lipopoly-
saccharide was normal in TRIM ™/~ mice (data not shown).
Thus, in contrast to LAT, TRIM is not involved in regulating
B-cell development and B-cell functions both in vivo and in
vitro.

Concluding remarks. Among the seven TRAPs known to
date, LAT clearly represents the master switch that critically
regulates T-cell development and peripheral T-cell activation
(12, 37, 38). In contrast, other transmembrane adaptors such as
LAX, NTAL, and SIT rather appear to be involved in the
fine-tuning of antigen receptor-mediated signaling within im-
mune cells (28, 34, 39). The same seems to apply for the nonraft
transmembrane adaptor protein investigated here, TRIM.

TRIM is strongly expressed in thymocytes and, as shown
here, in peripheral CD4™ T cells. Previous reports suggested
that TRIM might be involved in the regulation of TCR expres-
sion in Jurkat T cells (4, 20). In addition, TRIM was shown to
undergo tyrosine phosphorylation after T-cell activation and to
recruit the p85 regulatory subunit of PI3K to the plasma mem-
brane (4, 20). Together, these observations suggested that
TRIM might represent an important regulator of T-cell devel-
opment and T-cell responses. However, the data presented in
this report suggest that TRIM does not play an essential role
within the (murine) immune system.

Although our study did not reveal major alterations of im-
mune functions in the absence of TRIM, we certainly cannot
exclude the possibility that TRIM regulates immunological
processes that we have not investigated (for example, TRIM
could be involved in pathways that emerge from signaling re-
ceptors distinct from the TCR). However, given the fact that
several in vivo models (immunization with T-dependent anti-
gens as well as induction of the autoimmune disease EAE) did
not show abnormalities in TRIM-deficient animals, we believe
this possibility to be unlikely.

To date, seven TRAPs have been identified: LAT, LAX,
LIME, NTAL/LAB, PAG/CBP, SIT, and TRIM (for a review,
see reference 18). Among them, LAX, SIT, and TRIM are
localized in the nonraft fraction of the plasma membrane.
Recently published data showed that both LAX and SIT
function as negative regulators of antigen receptor-mediated
signaling. Thus, LAX-deficient T and B lymphocytes are hy-
perresponsive to CD3- or anti-IgM-mediated stimuli (39). Sim-
ilarly, we have most recently shown that SIT functions as a
negative regulator of TCR-mediated signaling (28). The mo-
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lecular mechanisms underlying LAX- and SIT-mediated neg-
ative regulation of TCR signaling are still unclear. One possi-
bility is that LAX and SIT affect signaling within T cells by
sequestering cytoplasmic effector molecules from the lipid rafts
to the nonraft fraction or that they blunt T-cell responses by
recruiting negative regulatory molecules to the plasma mem-
brane.

The very mild phenotypes of the SIT and LAX knockout
mice plus the almost nonexistent phenotype of the TRIM
mouse described in this report indicate that each of the non-
raft-associated TRAPs by itself plays a rather subtle role within
the immune system. However, the orchestrated activities of all
negative regulatory transmembrane adaptor proteins might
play a major role in controlling cell growth and differentiation.
The apparent redundancy among the different nonraft TRAPs
may serve as a safety mechanism to guarantee the integrity of
the system even when one component is missing or altered. In
this regard, the analysis of TRIM/SIT double-deficient mice
(note that TRIM and SIT share two tyrosine-based signaling
motifs within their cytoplasmic tails, YGNL and YASV/L), of
TRIM/LAX double-deficient mice (as both molecules are ca-
pable of binding PI3K and each of the single knockouts shows
augmented activity of PI3K), or even of triple knockouts (as all
three molecules carry YXN motifs that might bind the cytoso-
lic adaptor protein Grb2) might shed further light onto the
question of how TRAPs regulate homeostasis within the im-
mune system.
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