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Introduction

Nef is one of the six accessory proteins encoded by 
HIV-1 genome. Early studies with T-cell lines showed 
that nef was not required for viral growth or the produc-
tion of cytopathic effects, and suggested that inactivat-
ing mutations resulted in more robust viral replica-
tion1-3. Based on these early findings, this gene was 
considered a negative factor for viral replication and 
thus named nef (standing for negative factor)2,4. How-
ever, subsequent studies from Greene’s and Balti-

more’s groups, which were published side by side in 
the same issue of Proc Natl Acad Sci USA in 1989, 
argued against Nef’s negative influence on viral growth 
and transcriptional activation5,6. Their work opened a 
new avenue for Nef research and led to more vigorous 
investigations into the role of Nef in viral infection. The 
relevance of nef as a critical factor for viral growth and 
pathogenicity was demonstrated by Kestler, et al. in 
the SIVmac239/rhesus macaque model7. The discov-
ery of HIV-1 Nef’s ability to downregulate the viral re-
ceptor, CD4, in vitro further suggested the importance 
of Nef in the survival and spread of the virus in vivo8,9. 
Besides downregulation of cell-surface CD4, other in 
vitro activities of Nef were soon identified, including 
downregulation of cell surface molecule major histo-
compatibility complex (MHC) class I, enhancement of 
viral infectivity, and activation of p21-activated kinase 
2 (PAK2)10-13. All of the attention directed towards Nef 
was compellingly validated by the discovery of indi-
viduals infected by viruses with irreversibly inactivated 
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nef coding sequences. In all cases, the nef-defective 
viruses had greatly attenuated phenotypes14-16. More 
recent studies have demonstrated additional functions 
for Nef: modulation of T-cell receptor signaling17, exo-
some release18,19, inhibition of immunoglobulin (Ig) 
class switching20,21, inhibition of the antiviral effects of 
SERINC3 and SERINC522, and inhibition of lymphocyte 
mobility23-25. All these activities are potentially impor-
tant for viral propagation and pathogenesis and have 
been extensively reviewed elsewhere26-32. However, 
the importance of these in vitro activities of Nef for its 
in vivo functions is largely unknown. 

Nef in SIV infection

Nonhuman primate (NHP)-SIV models have contrib-
uted greatly to our understanding of in vivo Nef activi-
ties. The milestone work of Desrosiers, et al., which first 
defined Nef as a pathogenic factor in SIV infection of 
rhesus macaques, was followed by demonstrating the 
feasibility of using nef(–)SIV as an attenuated viral vac-
cine7,33. However, limitations do exist in the use of 
NHP-SIV models to understand HIV infection of humans: 

–	 Although many Nef activities are conserved across 
different lineages of HIV and SIV34, some differ-
ences do exist. For instance, Nef alleles from most 
SIVs that do not cause disease in their natural hosts 
downregulate CD3 and CD28, but HIV-1 Nef does 
not35 and SIV Nefs block the antiviral effect of 
tetherin, but HIV-1 Nef does not36,37.

–	 The HIV-1 accessory genes are significantly dif-
ferent from SIVmac239 accessory genes in that 
there is no vpx, the 3’ end of vif is reconstructed 
by recombination, and only HIV-1 has vpu38-40. In 
addition, the cytoplasmic tails of env are function-
ally different between HIV-1 and SIV41. Thus, the 
different activities of SIV accessory genes may 
confound the study of how HIV-1 Nef functions in 
promoting viral fitness.

–	 There are very few NHPs available for research 
and the cost associated with the studies are high.

Mouse models

To address these concerns, versatile in vivo models 
utilizing HIV-1 Nef itself were developed, which include 
nef transgenic mice and humanized mice (Table 1)42-50. 
Through these small animal models, considerable in-
sight regarding the functions of HIV-1 Nef in vivo have 
been obtained. Despite various pros and cons, easy 
access and relative inexpensiveness have made these 

small animal models popular for HIV-1 research. In this 
review we will focus on recent progress in the under-
standing of the in vivo functions of HIV-1 Nef obtained 
from studies using these mouse models. 

The nef transgenic mouse model

Mouse cells are not susceptible to HIV infection. To 
study the in vivo functions of HIV-1 Nef, this limitation 
has been overcome by expression of nef or HIV proviral 
genomes in mice45-47,51,52. A summary of these trans-
genic mouse models is shown in table 2. Consistent 
with the findings in human infection14-16, results from 
these models indicate that Nef harbors a major deter-
minant of HIV pathogenicity. 

Different regulatory elements have been used in 
transgenic mice to target nef expression in T-cells, 
including the regulatory elements of murine CD3δ, 
human CD2, and TCR β chain gene46,47,51. Although 
severe immunodeficiency, along with T-cell loss and 
alteration of T-cell activation, is observed in these 
models, none of these models has exhibited multiorgan 
syndromes and a disease similar to human AIDS. 
However, when nef is expressed under the regulatory 
sequences of the human CD4 gene in CD4+ T-cells 
and cells of the monocyte/macrophage lineage (CD4C/
HIV-1Nef Tg mice), T-cell loss, alteration of T-cell activa-
tion, and pathological lesions in various mouse organs 
such as heart and kidney have developed and are 
strikingly similar to human AIDS, especially to pediatric 
AIDS. In addition, disease latency and progression are 
correlated with nef expression levels43. Although CD4+ 
T-cell loss has been detected in all the nef-expressing 
mice, a slightly elevated number of regulatory T-cells 
is seen in CD4C/HIV-1Nef mice. Interestingly, regulatory 
T-cells also retain some important suppressive func-
tions42, which is probably related to decreased apoptosis, 
enhanced cell proliferation, and increased generation 

Table 1. Summary of mouse models used for nef functional 
study

Mouse models Reference

Nef transgenic 
mouse

Chrobak, et al. 2014; Hanna, et al. 
1998; Ahmed Rahim, et al. 2013; 
Acharjee, et al., 2014; Lindemann, 
et al. 1994; Brady, et al. 1993

Humanized 
mouse

Jamieson, et al. 1994; Zou, et al. 
2012; Watkins, et al. 2013;  
Watkins, et al. 2015
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from precursors. These findings suggest that Nef may 
differentially affect different CD4+ T-cell subsets. In 
addition, periphery CD4+ single positive (SP) cells are 
more readily depleted than thymic CD4+ SP cells, in-
dicating that the mechanisms underlying the depletion 
of the CD4+ SP cells in these two sites are different. In 
contrast to CD4+ T-cells, CD8+ T-cells in CD4C/HIV-1Nef 
mice show a normal development and could mount a 
strong response against lymphocytic choriomeningitis 
virus (LCMV) infection. However, these CD8+ T-cells 
could not maintain a memory phenotype after virus 
clearance, which can be partially rescued by adoptive 
transfer of non-transgenic CD4+ helper T-cells44. These 
results imply that Nef affects the development and 
function of CD4+ and CD8+ T-cells in distinct ways, 
which is similar to what is observed in HIV infection. 
However, expression of Nef in developmental precursors 
to mature CD4+ T-cells complicates the interpretation 
of these studies. To address this concern, an inducible 
TRE/HIV nef transgenic strain and an inducer CD4C/
rtTA Tg mouse strain were generated. Expression of 
nef in the double (TRE/HIV nef x CD4C/rtTA) Tg mice 
was induced with doxycycline administration, and nef 
expression led to AIDS-like diseases in older mice, 
which is the same as those observed in CD4C/HIV-1Nef 
Tg mice, indicating that the diseases in CD4C/HIV-1Nef 
Tg mice are not due to developmental defects caused 
by nef expression53,54. To find out which population of 
nef-expressing immune cells is responsible for the phe-
notypes observed in CD4C/HIV-1Nef mice, five novel 

transgenic mice were established to express nef in 
different immune cell populations. Distinct AIDS-like 
phenotypes are found to be associated with cell-spe-
cific nef expression, as shown in table 355. Even though 
the cell population responsible for all of the observed 
phenotypes in CD4C/HIV-1Nef Tg mice was not identified, 
the results suggest pleiotropic effects of nef expression 
in both CD4+ T-cells and cells of the monocyte/macro-
phage lineage are required for the full pathology.

Another type of nef transgenic mouse model was 
generated by expressing nef in the microglia of CNS, 
allowing the study of the effect of Nef on the develop-
ment of HIV-1-associated neurological disorders (HAND). 
Expression of nef in microglia results in the hyperactive 
neurobehavioral phenotype in male mice, which is per-
tinent to CCL2 induction and accompanying dysfunction 
of the dopaminergic system, indicating the role of Nef 
in HAND pathogenesis45.

Finally, an alternate transgenic mouse model, Tg26, has 
implicated Nef in the induction of HIV-1-related B-cell 
lymphomas56 and HIV-1-associated nephropathy57,58.

Despite the significant knowledge that has been 
gained from the studies of nef transgenic mice during 
the past two decades, limitations of this approach need 
to be noted. First, since it only expresses nef, the 
transgenic approach does not allow studies on combi-
national effects of Nef with other viral proteins; second, 
since there is no viral replication in these mice, the role 
of Nef in AIDS pathogenesis cannot be evaluated in 
the context of a systemic infection; third, since HIV 

Table 2. Summary of nef transgenic mouse models

Promoter 
used

Nef expressing 
cells

T-cell 
loss

CD4+CD8+ 
thymocyte 
loss

T-cell 
activation 
status

Multiple organ 
syndrome

Immune 
response 
to antigen 
stimulation

References

Mouse 
CD3δ

T-cells Yes No Increased NR NR Skowronski, 
et al. 1993

Human 
CD2

T-cells Yes Yes Decreased NR NR Brady, et al. 
1993

Mouse 
TCR b 
chain

T-cells Yes Yes Increased Lymphadenophaty, 
splenomegaly

Decreased Lindemann, 
et al. 1994

Human 
CD4

CD4+ T-cells, cells 
for the monocyte/mac 
rophage lineage

Yes Yes Increased Yes Decreased Hanna, et al. 
1998

C-fms Microglia NR NR NR NR NR Acharjee,  
et al. 2014

NR: not reported.
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cannot productively infect mouse cells due to block of 
viral entry and other steps of viral life cycle59,60, results 
obtained from the transgenic studies in relation to hu-
man infection need to be interpreted with caution; finally, 
Nef is expressed in all CD4+ cells in CD4C/HIV-1 nef 
transgenic mice, whereas there is only a small fraction 
of CD4+ cells that are infected in human infection. To 
overcome these limitations, a more robust model system 
needs to be developed.

Humanized mouse model

The term “humanized mice” can refer to one of the 
followings: (i) mice in a normal background that are 
transgenic with one or several human genes; (ii) im-
munodeficient mice that are either transplanted with 
human cells or implanted with human tissues; (iii) im-
munodeficient mice that are transplanted with human 
stem/progenitor cells; and (iv) combinations of any two 
above, or three above48,61-63. All these humanized 
mouse models have been exploited in the past three 
decades in order to develop a better model system to 
study HIV pathogenesis and to test new preventive and 
therapeutic strategies. This section will be focused on 

the recent progress obtained about in vivo functions of 
HIV-1 Nef through use of the second, third and forth 
humanized mice abovementioned. The results from 
those studies are summarized in table 4.

SCID-hu mice

The first paper on using humanized mice to study 
HIV-1 Nef was published in 1994 by Zack, et al. In this 
study, human fetal thymus and liver were implanted 
under the kidney capsule of SCID mice and allowed to 
grow into a thymic organoid. Wild-type and nef-defec-
tive HIV-1JR-CSF or HIV-1NL4-3 were directly injected into 
the thymic organoid, and both nef-defective viruses 
showed attenuated growth properties relative to wild-
type. CCR5-tropic HIV-1JR-CSF was less cytotoxic than 
CXCR4-tropic HIV-1NL4-3

48. Besides, nef-defective HIV-
1NL4-3 lost the ability to deplete thymocytes, which was 
in sharp contrast to the wild-type virus that depleted 
thymocytes within six weeks of infection48. These re-
sults indicate that HIV-1 Nef is required for efficient in 
vivo viral replication and pathogenicity in human thy-
mus. However, this model is not an optimal system to 
study a systemic viral infection because it only contains 

Table 3. Phenotypes associated with cell-specific Nef expression in nef transgenic mouse models

Promoter 
used

Regulatory 
element used

Nef 
expressing 
cells

T-cell 
loss

CD4+CD8+ 
thymocyte 
loss

T-cell 
activation

Multiple organ 
syndrome

Mouse CD4 Mouse CD4 
enhancer and 
regulatory 
element

Thymic and 
peripheral 
CD4+ T-cells

Yes Yes Yes No

Partial 
human CD4 
promoter 
with mouse 
silencer

Mouse CD4 
enhancer and 
human CD4 
regulatory 
element

CD4+ T-cells 
and lymphoid 
DC

Yes Yes Yes Much milder disease 
only seen in older mice 
(> 12 months old)

Human CD4 Mouse CD4 
enhancer and 
regulatory 
element

CD4+ T-cells 
and lymphoid 
and myeloid 
DC

Yes Yes Yes No

Mouse 
CD11c

Mouse CD11c 
regulatory 
element

DC Slightly 
depleted

No Slighted 
activated

Occasional mild lung 
disease and pulmonary 
hypertension, 
splenomegaly

Human 
CD68

Human CD68 
regulatory 
element

Myeloid cells Slightly 
depleted

No No Occasional mild lung 
disease and pulmonary 
hypertension

DC: dendritic cells.
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human thymocytes and lacks all other immune cells 
known to be involved in HIV replication and pathogen-
esis such as T-cells, monocytes/macrophages, and 
dendritic cells. 

Bone marrow/liver/thymus humanized 
mice

Several humanized mouse models have been devel-
oped and they have been reviewed by Denton and 
Garcia61. However, the study of Nef in HIV-1 infection 
has been largely restricted to the bone marrow/liver/
thymus (BLT) humanized mice. This model was construct-
ed by first implanting a piece of fetal liver sandwiched 
between two pieces of thymus under the kidney capsule 
of an immunodeficient mouse, followed by autologous 
bone marrow transplantation of human hematopoietic 
stem cells. Virtually all subsets of myeloid and lymphoid 
lineages were found in the peripheral blood and organs 
in this model62, which makes it a valuable tool to study 
human immune-related diseases. Since its creation, this 
model has been widely used in various areas of bio-
medical research, including the study of human innate 
and adaptive immune responses, HIV replication and 
pathogenesis, and evaluation of approaches to prevent 
HIV transmission50,64-70. 

Infection of bone marrow/liver/thymus 
humanized mice with CXCR4 tropic HIV-1

Consistent with the findings in SCID-hu mice, intra-
venous infection of humanized BLT mice with low, me-
dium, and high doses of HIV-1LAI (LAI, CXCR4 tropic) 
caused robust viral replication and the accompanying 
depletion of CD4+ T-cells and CD4+CD8+ thymocytes. 
However, regardless of the dose of inoculums, nef-de-
fective LAI showed reduced and delayed viral replication 
and failure to systemically deplete CD4+ T-cells in BLT 
mice. Importantly, nef-defective LAI lost the capacity to 
deplete CD4+CD8+ thymocytes, suggesting that Nef is 
the only viral factor responsible for CD4+CD8+ thymo-
cyte killing in this model50. Collectively, these findings 
indicate that Nef contributes to T-cell loss during HIV 
infection via direct killing resulting from elevated viral 
replication, and diminished replenishment resulting 
from defective thymocyte development. In another 
study from the same group, the authors infected BLT 
mice with the LAI harboring a frame-shifted (fs, via four 
base insertion) nef and later found the recovery of nef 
ORF via 1 base or 13 base deletions (LAINeffsΔ-1 and 
LAINeffsΔ-13) downstream of the mutated site during 
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the course of infection, indicating the presence of 
selective pressure to restore nef ORF in vivo68. These 
two derived Nef mutants (LAINeffsΔ-1 and LAINeffsΔ-13) 
were assayed for their in vitro activities, including CD4 
and MHC class I downregulation, PAK2 activation, and 
enhancement of infectivity, and they were both found 
defective for CD4 downregulation activity, but with 
other Nef activities intact. Compared with wild-type virus, 
infection of BLT mice with LAINeffsΔ-1 and LAINeffsΔ-13 
led to threefold reduction of peak viral load and about 
50% reduced capacity of the viruses to deplete periph-
eral CD4+ T-cells and CD4+CD8+ thymocytes, suggesting 
that CD4 downregulation activity of Nef is important for 
HIV-1 pathogenesis. In addition, no other changes in 
the rest of the nef sequences of both LAINeffsΔ-1 and 
LAINeffsΔ-13 were observed, implying that the two 
expressed proteins were stable in vivo68.

The role of the SH3 binding domain-dependent activity 
of Nef in pathogenesis was also addressed68. This highly 
conserved Nef proline motif is critical for the activation 
of PAK271. The authors infected BLT humanized mice 
with the LAI containing the P72A/P75A mutation in Nef 
and found that the double mutation did not affect the 
capacity of viral replication and pathogenesis. Further, 
the mutations had only a weak tendency to revert back 
to wild-type sequences during the course of experi-
ments68, clearly indicating that SH3 domain binding 
activity of HIV-1 Nef is dispensable for viral replication 
and pathogenesis in BLT mice. 

Infection of bone marrow/liver/thymus 
humanized mice with CCR5 tropic HIV-1

Since CCR5 tropic viruses are most frequently seen 
during transmission72, Watkins, et al. investigated the 
role of HIV-1JR-CSF (JRCSF, CCR5-tropic) Nef in HIV-1 
infection of BLT mice with nef-defective virus (JRCSF-
Nefdd). Although peak viral loads in peripheral blood 
for both JRCSF and JRCSFNefdd were comparable, the 
replication levels of JRCSFNefdd displayed consider-
able variation over time. The JRCSF infection resulted 
in CD4+ T-cell loss in the peripheral blood, bone marrow, 
spleen, lymph nodes, lung, and liver of infected mice, 
while JRCSFNefdd induced no loss of CD4+ T-cells in 
peripheral blood, but a small but significant reduction 
of CD4+ T-cells in the previously mentioned organs. 
Further analysis revealed that CD4+ T-cell loss in periph-
eral blood coincided with CD8+ T-cell activation, which 
was consistent with the findings in human infection of 
CCR5 tropic viruses. Nef was found to be required for 
both systemic T-cell activation and significant CD4+ 

T-cell loss to occur. Interestingly, the authors found that 
the BLT mice reconstituted with cells and tissue ex-
pressing HLA B42:01 had viral loads in JRCSFNefdd-
infected mice suppressed about 200-fold compared to 
JRCSF-infected mice. This observation may be relevant 
to studies of large populations of HIV-1-infected indi-
viduals expressing B42:01 where viral burdens were 
also reduced73. These results indicate host-specific 
suppression of viral replication in a small animal model 
exists and suggest the possibility that absence of Nef 
greatly enhances the anti-HIV effect of B42:01 in BLT 
mice70. In comparing infections of BLT mice with CXCR4 
tropic LAI and CCR5 tropic JRCSF, two further differ-
ences are noted. One is the ability to deplete CD4+CD8+ 
thymocytes; in contrast to LAI, neither wild-type nor 
nef-defective JRCSF caused CD4+CD8+ thymocyte 
depletion, which is probably due to a lower number of 
CCR5-expressing cells in the thymus74. However, be-
cause the lack of CD4+CD8+ thymocyte depletion in 
nef-defective LAI-infected BLT mice is so prominent, 
further study on the underlying mechanisms of the dif-
ferent killing phenotypes of double-positive thymocytes 
by LAI or JRCSF Nef is warranted. Another difference 
is the status of systemic T-cell activation; there is no 
difference in CD8+ T-cell activation between LAI and 
nef-defective LAI infection, while a large difference 
existed for JRCSF infection. One explanation is that a 
relatively low level of viral replication is more likely to 
induce T-cell activation, but not cell killing that is more 
likely induced by high viral load50.

Conclusions 

Because HIV-1 infects and causes diseases only in 
humans and chimpanzees75,76, there is no perfect animal 
model to completely mimic human infection, and thus 
to be used to study the role of Nef in viral replication 
and pathogenesis in vivo. Even so, in the past three 
decades significant progress has been made in the 
development of improved animal models to replicate 
HIV infection in vivo, and each of these models has its 
own pros and cons. Because of easy access and rela-
tive inexpensiveness, small animal models have become 
one of the favorite models for HIV research. This review 
summarized recent progress on the understanding of 
the in vivo functions of Nef gained from the studies 
using these small animal models. Results from these 
studies emphasize the contribution of Nef to HIV rep-
lication and pathogenesis in vivo77-79. Despite the prog-
ress, more unsolved questions regarding Nef in viral 
infection still lie ahead. For example, in most of these 
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studies Nef was derived from lab-adapted HIV-1 strains 
such as NL4-3 and LAI. So, future studies on the in 
vivo functions of Nef derived from primary isolates, 
such as transmissible founder viruses, should be car-
ried out in these small animal models80. In addition, the 
contribution of individual Nef activity in viral infection 
also needs to be clarified. Another important question 
worthy of study is the mechanism of the cytopathic 
effect of LAI Nef on thymocytes, especially on CD4+CD8+ 
thymocytes. The answers to these questions will help 
to further define the in vivo functions of Nef in viral 
infection, and more importantly, based on these results 
Nef inhibitors can then be developed and tested in 
these small mouse models. 
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